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♥ r❡♣❡❛t✐♥❣ ✉♥✐ts
◆✐P❆❆♠ ◆✲✐s♦♣r♦♣②❧ ❛❝r②❧❛♠✐❞❡
P❆❆ ♣♦❧②✭❛❝r②❧✐❝ ❛❝✐❞✮
P❆❆♠ ♣♦❧②✭❛❝r②❧❛♠✐❞❡✮
P❆❍ ♣♦❧②✭❛❧❧②❧❛♠✐♥❡ ❤②❞r♦❝❤❧♦r✐❞❡✮
P❇❙ ♣❤♦s♣❤❛t❡ ❜✉✛❡r❡❞ s❛❧✐♥❡
P❈▲ ♣♦❧②✭❝❛♣r♦❧❛❝t♦♥❡✮
P❉■ ♣♦❧②❞✐s♣❡rs✐t② ✐♥❞❡①
P❉▼❙ ♣♦❧②✭❞✐♠❡t❤②❧ s✐❧♦①❛♥❡✮
P❊ ♣♦❧②✭❡t❤②❧❡♥❡✮
P❊● ♣♦❧②✭❡t❤②❧❡♥ ❣❧②❝♦❧❡✮
P❊t❖① ♣♦❧②✭✷✲❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡✮
P●❆ ♣♦❧②✭❣❧②❝♦❧✐❝ ❛❝✐❞✮
P❍❊▼❆ ♣♦❧②✭❤②❞r♦①②❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡✮
P❍P❆ ♣♦❧②✭✷✲❤②❞r♦①②♣r♦♣②❧ ❛❝r②❧❛t❡✮
P✐Pr❖① ♣♦❧②✭✷✲✐s♦♣r♦♣②❧✲✷✲♦①❛③♦❧✐♥❡✮
P■❙ ♣❡♥✐❝✐❧❧✐♥✴str❡♣t♦♠②❝✐♥
P▲●❆ ♣♦❧②✭❧❛❝t✐❝✲❝♦✲❣❧②❝♦❧✐❝ ❛❝✐❞✮
P▲▲ ♣♦❧②✭▲✲❧②s✐♥❡✮
P▲▲❆ ♣♦❧②✭▲✲❧❛❝t✐❝ ❛❝✐❞✮
P▼❊❚❆❈ ♣♦❧②✭❬✷✲✭♠❡t❤❛❝r②❧♦②❧♦①②✮❡t❤②❧❪ tr✐♠❡t❤②❧❛♠♠♦♥✐✉♠ ❝❤❧♦r✐❞❡✮
P▼❡❖① ♣♦❧②✭✷✲♠❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡✮
P▼▼❆ ♣♦❧②✭♠❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡✮
❱■■■
P♥❇✉❖① ♣♦❧②✭✷✲♥✲❜✉t②❧✲✷✲♦①❛③♦❧✐♥❡✮
P◆✐P❆❆♠ ♣♦❧②✭◆✲✐s♦♣r♦♣②❧ ❛❝r②❧❛♠✐❞❡✮
P❖❚s ♣r♦♣❛r❣②❧ t♦s②❧❛t❡
P❖① ♣♦❧②✭♦①❛③♦❧✐♥❡✮
P❙ ♣♦❧②✭st②r❡♥❡✮
P❙P▼❆ ♣♦❧②✭s✉❧❢♦♣r♦♣②❧ ♠❡t❤❛❝r②❧❛t❡✮
P❙❙ ♣♦❧②✭s♦❞✐✉♠ st②r❡♥❡ s✉❧❢♦♥❛t❡✮
P❯ ♣♦❧②✭✉r❡t❤❛♥❡✮
P❱❆ ♣♦❧②✭✈✐♥②❧❛❧❝♦❤♦❧✮
❘2 ❝♦❡✣❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥
❘●❉ ❆r❣✲●❧②✲❆s♣
❘❖❙ r❡❛❝t✐✈❡ ♦①②❣❡♥ s♣❡❝✐❡s
rt r♦♦♠ t❡♠♣❡r❛t✉r❡
❙✳❉✳ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
❙❊❈ s✐③❡ ❡①❝❧✉s✐♦♥ ❝❤r♦♠❛t♦❣r❛♣❤②
❙P▼❆ s✉❧❢♦♣r♦♣②❧ ♠❡t❤❛❝r②❧❛t❡
st❛r✲❖❚❢ ♣❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡
❚❈❊P tr✐s✭✷✲❝❛r❜♦①②❡t❤②❧✮♣❤♦s♣❤✐♥❡
❚❊❆ tr✐❡t❤②❧❛♠✐♥
❱❊●❋ ✈❛s❝✉❧❛r ❡♥❞♦t❤❡❧✐❛❧ ❣r♦✇t❤ ❢❛❝t♦r
❱P❚✲❚ ✈♦❧✉♠❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡
✈s✳ ✈❡rs✉s
✇✴♦ ✇❛t❡r ✐♥ ♦✐❧
■❳
❙②♠❜♦❧s
◦❈ ❞❡❣r❡❡ ❈❡❧❝✐✉s
❝♠ ❝❡♥t✐♠❡t❡r
Ð ❞✐s♣❡rs✐t②
❞ ❝❤❛r❛❝t❡r✐st✐❝ ❧✐♥❡❛r ❞✐♠❡♥s✐♦♥
δ ❝❤❡♠✐❝❛❧ s❤✐❢t
❉❛ ❉❛❧t♦♥ ❂ ❣✴♠♦❧
η ❞②♥❛♠✐❝ ✈✐s❝♦s✐t②
❣ ❣r❛✈✐t❛t✐♦♥❛❧ ❝♦♥st❛♥t
●✬ st♦r❛❣❡ ♠♦❞✉❧✉s
γ ❝r♦ss✲❧✐♥❦✐♥❣ ❞❡❣r❡❡
❤ ❤♦✉r
❦ ❦✐❧♦
❦appP ❛♣♣❛r❡♥t ♣r♦♣❛❣❛t✐♦♥ r❛t❡ ❝♦♥st❛♥t
♠ ♠✐❧❧✐
♠ ♠♦❧❛r ❂ ♠♦❧✴❧
▼ ♠❡❣❛
µ ♠✐❝r♦
♠✐♥ ♠✐♥✉t❡
▼n ♥✉♠❜❡r ❛✈❡r❛❣❡ ♠♦❧❛r ♠❛ss
▼p ♣❡❛❦ ❛✈❡r❛❣❡ ♠♦❧❛r ♠❛ss
▼w ✇❡✐❣❤t ❛✈❡r❛❣❡ ♠♦❧❛r ♠❛ss
♥ ♥♦r♠❛❧
♥ ♥❛♥♦
ν ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t②
❳
ν̃ ✇❛✈❡ ♥✉♠❜❡r
♣❍ ❞❡❝✐♠❛❧ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ r❡❝✐♣r♦❝❛❧ ♦❢ t❤❡ ❤②❞r♦❣❡♥ ✐♦♥ ❛❝t✐✈✐t②
♣❖2 ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ♦①②❣❡♥
♣♣♠ ♣❛rts ♣❡r ♠✐❧❧✐♦♥
ρ ✢✉✐❞ ❞❡♥s✐t②
r♣♠ r❡✈♦❧✉t✐♦♥s ♣❡r ♠✐♥✉t❡
s s❡❝♦♥❞
❙w❉ s✇❡❧❧✐♥❣ ❞❡❣r❡❡
t t✐♠❡
❚ t❡♠♣❡r❛t✉r❡
✈ ✈❡❧♦❝✐t②
✈✴✈ ✈♦❧✉♠❡ r❛t✐♦
%wt ✇❡✐❣❤t ♣❡r❝❡♥t❛❣❡
✶ ■♥tr♦❞✉❝t✐♦♥
❚❤❡ st❡❛❞② ✐♥❝r❡❛s❡ ♦❢ t❤❡ ✇♦r❧❞s ♠❡❛♥ ❧✐❢❡ ❡①♣❡❝t❛♥❝② ❢r♦♠ ✻✹ ②❡❛rs ✐♥ ✶✾✾✵ t♦ ✼✵
②❡❛rs ✐♥ ✷✵✶✸ ❬✶❪ ✐s ♥♦t ♦♥❧② ❛❝❝♦♠♣❛♥✐❡❞ ✇✐t❤ ❜❡♥❡✜ts✱ ✇❤✐❧❡ ❛s ❛ ❝♦♥s❡q✉❡♥❝❡ t❤❡
✐♥❝✐❞❡♥❝❡ ♦❢ ❛❣❡✲r❡❧❛t❡❞ ❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡s ✐s ❛❧s♦ r✐s✐♥❣ ❬✷❪✳ ❚②♣✐❝❛❧ ❛❣❡✲r❡❧❛t❡❞
❞✐s❡❛s❡s ❛r❡ ♦st❡♦❝❤♦♥❞r❛❧ ❞❡❢❡❝ts ❬✸❪✱ ❛t❤❡r♦s❝❧❡r♦s✐s ❬✹❪✱ ♥❡♦♣❧❛st✐❝ ❞✐s❡❛s❡s ❬✺❪✱
❆❧③❤❡✐♠❡r✬s ❬✻❪✱ ❛♥❞ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡ ❬✼❪ ❛s ❛ r❡s✉❧t ♦❢ ❛ttr✐t✐♦♥✱ ♣♦❧❧✉t❛♥t ❧♦❛❞ ♦r ❛
❧❛❝❦ ✐♥ r❡❣❡♥❡r❛t✐♦♥✳ ❚❤❛t ✐s ✇❤② t❤❡r❡ ✐s ❛ ♥❡❡❞ ❢♦r t❤❡r❛♣❡✉t✐❝ ❛♣♣r♦❛❝❤❡s
✐♠♣r♦✈✐♥❣ t❤❡ q✉❛❧✐t② ♦❢ ❧✐❢❡ ♦❢ t❤❡ ❡❧❞❡r❧②✳
❈❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ✐s ♦♥❡ ♦❢ t❤❡s❡ ❛♣♣r♦❛❝❤❡s ❛♥❞ ❛✐♠s ❢♦r r❡♣❧❛❝✐♥❣ t❤❡ ✇♦r♥
♦✉t ♦r ✐♥❥✉r❡❞ ❝❡❧❧s ❜② ❢✉♥❝t✐♦♥❛❧ ❝❡❧❧s t♦ r❡st♦r❡ t❤❡ ♥♦r♠❛❧ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t✐ss✉❡s
♦r ♦r❣❛♥s ❬✽❪✳ ❚❤❡ ♦r✐❣✐♥ ♦❢ ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ❝❛♥ ❜❡ tr❛❝❡❞ ❜❛❝❦ t♦ t❤❡
♥✐♥❡t❡❡♥t❤ ❝❡♥t✉r②✱ ✇❤❡♥ ❈❤❛r❧❡s✲➱❞♦✉❛r❞ ❇r♦✇♥✲❙éq✉❛r❞ ✭✶✽✶✼ ✲ ✶✽✾✹✮ tr✐❡❞ t♦
st♦♣ t❤❡ ❡✛❡❝t ♦❢ ❛❣✐♥❣ ❜② ✐♥❥❡❝t✐♥❣ ❛♥✐♠❛❧ t❡st✐❝❧❡ ❡①tr❛❝ts t♦ ❤✐s ♣❛t✐❡♥ts✳ ▲❛t❡r✱
❙❡r❣❡ ❱♦r♦♥♦✛ ✭✶✽✻✻ ✲ ✶✾✺✶✮ ❣r❛❢t❡❞ ♠♦♥❦❡② t❡st✐❝❧❡s ✐♥ r❡♣❧❛❝❡♠❡♥t ♦❢ ❤✉♠❛♥ ♦♥❡s✱
❛♥❞ P❛✉❧ ◆✐❡❤❛♥s ✭✶✽✽✷ ✲✶✾✼✶✮ ✉s❡❞ ❝❛❧❢ ❡♠❜r②♦ ❝❡❧❧s ✐♥ ❤✐s t❤❡r❛♣✐❡s ❬✾❪✳ ■♥ ✶✾✻✸✱
▼❛t❤é ❡t ❛❧✳ ❬✶✵❪ ❝♦♥❞✉❝t❡❞ t❤❡ ✜rst s✉❝❝❡ss❢✉❧ ❜♦♥❡ ♠❛rr♦✇ tr❛♥s♣❧❛♥t❛t✐♦♥ t♦
r❡❝✐♣✐❡♥ts ✇❤♦ ❢✉rt❤❡r ❧✐✈❡❞ ❢♦r ✷ ②❡❛rs ❜❡❢♦r❡ ❝♦♠♠✐tt✐♥❣ s✉✐❝✐❞❡✳ ❍♦✇❡✈❡r✱ t❤✐s
✐♥tr♦❞✉❝❡❞ ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ✐♥t♦ ❛❝❝❡♣t❡❞ ❝❧✐♥✐❝❛❧ t❤❡r❛♣② ❢♦r ♥✉♠❡r♦✉s
❤❡♠❛t♦❧♦❣✐❝ ❞✐s❡❛s❡s ❬✶✶❪✳ ◆♦✇❛❞❛②s✱ ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ❤❛s ❞❡✈❡❧♦♣❡❞ ❛s ❛
str❛t❡❣② ❢♦r tr❡❛t♠❡♥t ♦❢ ♠❛♥② ❤✉♠❛♥ ❞✐s❡❛s❡s✳ ❚❤❡ s✉❝❝❡ss ♦❢ t❤✐s t❤❡r❛♣② ❛t ❛
❝❧✐♥✐❝❛❧ ❧❡✈❡❧ r❡q✉✐r❡s ❛♥ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♠❛♥② ❞✐s❝✐♣❧✐♥❡s✱ ✐♥❝❧✉❞✐♥❣ ❝❡❧❧ ❜✐♦❧♦❣②✱
✐♠♠✉♥♦❧♦❣②✱ t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣✱ ♠♦❧❡❝✉❧❛r ❜✐♦❧♦❣②✱ ♠❛t❡r✐❛❧ s❝✐❡♥❝❡ ❛♥❞
tr❛♥s♣❧❛♥t❛t✐♦♥ ❜✐♦❧♦❣② ❬✶✷❪✳
❋♦r ❛ ♣♦❧②♠❡r ❝❤❡♠✐st✱ ♠❛t❡r✐❛❧ s❝✐❡♥❝❡ ❛♥❞ t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣ ❛r❡ t❤❡ ❦❡②
❞✐s❝✐♣❧✐♥❡s ✐♥ t❤✐s s❝♦♣❡✳ ❚✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣ ♠❡❛♥s ❛♥ ❛rt✐✜❝✐❛❧ ❝♦♥str✉❝t✐♦♥ ♦❢
❜✐♦❧♦❣✐❝❛❧ t✐ss✉❡ ❛♥❞ ❝♦♠❜✐♥❡s t❤❡ ❞✐r❡❝t❡❞ ✐♥ ✈✐tr♦ ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛♥❞ t❤❡✐r
✐♥❝♦r♣♦r❛t✐♦♥ ✐♥t♦ ❛ s♣❡❝✐✜❝ s❝❛✛♦❧❞✳ ❍❡r❡✱ s②♥t❤❡t✐❝ ♠❛t❡r✐❛❧s ❝❛♥ ✇♦r❦ ❡✐t❤❡r ❛s
t✇♦✲ ♦r t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ s✉❜str❛t❡s ❢♦r ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛♥❞ ❡①♣❛♥s✐♦♥ ❛♥❞✴♦r ❛s ❛
s❝❛✛♦❧❞ ❢♦r ✐♠♣❧❛♥t❛t✐♦♥✳
❲❤❡♥ t❤✐s ✇♦r❦ ✇❛s st❛rt❡❞✱ t❤❡ ❛✐♠ ✇❛s t♦ ❞❡✈❡❧♦♣ ❛ ♥♦✈❡❧ ♣♦❧②♠❡r✲❜❛s❡❞ s②st❡♠
t♦ ✐♠♣r♦✈❡ ✐♥ ✈✐tr♦ ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛♥❞ t♦ ❞❡✈❡❧♦♣ ❜✐♦❝♦♠♣❛t✐❜❧❡ s❝❛✛♦❧❞s ❛s
❢♦✉♥❞❛t✐♦♥s ❢♦r ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣✐❡s✳ ❍❡♥❝❡✱ ♣♦❧②✭✷✲♦①❛③♦❧✐♥❡✮s✱ ❛ ♣r♦♠✐s✐♥❣
♠❛t❡r✐❛❧ ✐♥t❡♥s✐✈❡❧② st✉❞✐❡❞ ✐♥ ♦✉r r❡s❡❛r❝❤ ❣r♦✉♣✱ ❛r❡ ✉s❡❞ ❛s t❤❡② ❛r❡ s②♥t❤❡t✐❝❛❧❧②
✶
❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✷
✈❡rs❛t✐❧❡ ❛♥❞ ♠❛② ❜❡ ♣♦t❡♥t✐❛❧❧② ❛♣♣❧✐❡❞ ✐♥ ❛ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t ❜✐♦♠❡❞✐❝❛❧
❛♣♣❧✐❝❛t✐♦♥s ❛s ❛ ❤✐❣❤❧② ❞❡✜♥❡❞✱ ♠♦❞✉❧❛r ❛♥❞ ❜✐♦❝♦♠♣❛t✐❜❧❡ ♣♦❧②♠❡r s②st❡♠✳

❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✹
st✐❧❧ ✇✐❞❡❧② ✉s❡❞ ❛♥❞ ✐♠♣♦rt❛♥t ❜❡❝❛✉s❡ ♦❢ t❤❡ ❡❛s❡✱ ❝♦♥✈❡♥✐❡♥❝❡✱ ❛♥❞ ❤✐❣❤ ❝❡❧❧
✈✐❛❜✐❧✐t② ❛♥❞ ✐♠♣r♦✈❡❞ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❜❛s✐❝ ❝❡❧❧ ❜✐♦❧♦❣② ❬✶✼❪✳ ❙✐♥❝❡ ❢♦✉r
❞❡❝❛❞❡s✱ ❛ st❡❛❞✐❧② ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❡st ✐♥ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ ✭✸❉✮ ❝✉❧t✉r❡ s②st❡♠s
❡♠❡r❣❡❞ ❬✶✽❪ t♦ ♣r♦✈✐❞❡ ♠♦r❡ ❝♦♠♣❧❡① ♠✐❝r♦❡♥✈✐r♦♥♠❡♥ts t♦ ♠✐♠✐❝ t❤❡ ❢✉♥❝t✐♦♥s ♦❢
❧✐✈✐♥❣ ✸❉ t✐ss✉❡s✳
✷✳✶✳✷ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ s②st❡♠s ❛♥❞ t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣
❚✐❧❧ ♥♦✇✱ ❛ ✈❛r✐❡t② ♦❢ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❝❡❧❧ ❝✉❧t✉r✐♥❣ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✇✐t❤ ❛♥
❡♥♦r♠♦✉s ❛r❝❤✐t❡❝t✉r❛❧ ❛♥❞ ♠❛t❡r✐❛❧s ❞✐✈❡rs✐t② ❞✉❡ t♦ t❤❡ ✇✐❞❡ r❛♥❣❡ ♦❢ t✐ss✉❡s
❜❡✐♥❣ ♠♦❞❡❧❡❞✳ ■♥ ❛ r❡❝❡♥t r❡✈✐❡✇ ❜② ❇r❛❞ ▲❛rs♦♥ ❬✶✾❪✱ t❤❡s❡ t❡❝❤♥✐q✉❡s ❤❛✈❡ ❜❡❡♥
❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♠❛✐♥ ❝❛t❡❣♦r✐❡s ♦❢ s❝❛✛♦❧❞ ❛♥❞ ♥♦♥✲s❝❛✛♦❧❞ ❜❛s❡❞ ♠♦❞❡❧s ✭❚❛❜❧❡
✷✳✶✮✳ ❙❝❛✛♦❧❞✲❢r❡❡ t❡❝❤♥✐q✉❡s ✉t✐❧✐③❡ t❤❡ ❛❜✐❧✐t② ♦❢ ❝❡❧❧s t♦ ❢♦r♠ ❛❣❣r❡❣❛t❡s ✐♥ t❤❡
❚❛❜❧❡ ✷✳✶✿ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ ♠♦❞❡❧s
❙❝❛✛♦❧❞ ❜❛s❡❞ ◆♦♥✲s❝❛✛♦❧❞ ❜❛s❡❞
P♦❧②♠❡r✐❝ ❤❛r❞ s❝❛✛♦❧❞s ❬✷✵❪ ❍❛♥❣✐♥❣ ❞r♦♣ ♠✐❝r♦♣❧❛t❡s ❬✷✶❪
❇✐♦❧♦❣✐❝❛❧ s❝❛✛♦❧❞s ❬✷✷❪ ❙♣❤❡r♦✐❞ ♠✐❝r♦♣❧❛t❡s ❬✷✸❪
▼✐❝r♦♣❛tt❡r♥❡❞ s✉r❢❛❝❡ ♠✐❝r♦♣❧❛t❡s ▼✐❝r♦✢✉✐❞✐❝ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ ❬✷✹❪
❛❜s❡♥❝❡ ♦❢ ❛ s✉r❢❛❝❡ ♦♥ ✇❤✐❝❤ t♦ ❛tt❛❝❤ t❤❛t r❡s✉❧t ✐♥ ❛ s❡❧❢✲❛ss❡♠❜❧❡❞ s♣❤❡r♦✐❞
str✉❝t✉r❡✳ ❚❤❡s❡ s♣❤❡r♦✐❞s ❛r❡ ❛ r❡♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♥❛t✉r❛❧ ❝❡❧❧✉❧❛r ♥✐❝❤❡ ✇✐t❤ ✐♥t❡♥s✐✈❡
❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲♠❛tr✐① ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ✇✐❞❡❧② ✉s❡❞ ❛s ♣r✐♠❛r② ❝❡❧❧✲❜❛s❡❞ t✐ss✉❡
❛♥❞ t✉♠♦r ♠♦❞❡❧s ❬✷✺✕✷✼❪✳ ❙❡✈❡r❛❧ ❢❛❜r✐❝❛t✐♦♥ ♠❡t❤♦❞s ❝❛♥ ❜❡ ✉s❡❞ ✭❡✳❣✳ ❤❛♥❣✐♥❣
❞r♦♣ ♠❡t❤♦❞ ❬✷✶❪✱ s♣♦♥t❛♥❡♦✉s ❝❡❧❧ ❛❣❣r❡❣❛t✐♦♥ ✈✐❛ s♣✐♥♥❡r ✢❛s❦s ❬✷✽❪✱ st❛t✐❝ ❧✐q✉✐❞
♦✈❡r❧❛② t❡❝❤♥✐q✉❡ ❬✷✾❪✱ ❝❡♥tr✐❢✉❣❛t✐♦♥ ❬✸✵❪✱ ❛♥❞ ♠✐❝r♦✢✉✐❞✐❝ ❬✸✶✱ ✸✷❪✮ ❢♦r t❤❡ r❡♣❧✐❝❛t✐♦♥ ♦❢
❛ ♠✉❧t✐t✉❞❡ ♦❢ ❝♦♠♣❧❡① t✐ss✉❡s✱ ❡①t❡♥s✐✈❡❧② r❡✈✐❡✇❡❞ ❜② ❏❛♥ ❞❡ ❇♦❡r ❛♥❞
❝♦✲✇♦r❦❡rs ❬✸✸❪✳ ❍❡r❡✱ t❤❡ ♠✐❝r♦✢✉✐❞✐❝ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ ♠♦❞❡❧s ❝❛♥ ♣r❡s❡♥t ❛ ♠✐①t✉r❡
♦❢ t❤❡ s❝❛✛♦❧❞✲❢r❡❡ ❛♥❞ s❝❛✛♦❧❞ ❜❛s❡❞ ♠♦❞❡❧✱ ✇❤❡r❡ ❝❡❧❧s ❛r❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛
s✉♣♣♦rt✐♥❣ ♠❛tr✐① t♦ ❡♥❝♦✉r❛❣❡ ❛ss❡♠❜❧② ✐♥t♦ ✸❉ str✉❝t✉r❡s ❬✸✹❪✳ ❆ s❡❧❡❝t✐♦♥ ♦❢
s♣❤❡r♦✐❞ ❢❛❜r✐❝❛t✐♦♥ ♠❡t❤♦❞s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✳
■♥ ❝♦♥tr❛st✱ s❝❛✛♦❧❞✲❜❛s❡❞ t❡❝❤♥✐q✉❡s str✐✈❡ t♦ r❡❝r❡❛t❡ t❤❡ ✸❉ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ✐♥
✈✐✈♦ t✐ss✉❡✱ ❛s ✇❡❧❧ ❛s ❡①tr❛❝❡❧❧✉❧❛r ♠❛tr✐① ✭❊❈▼✮ ✲ ❝❡❧❧ ✐♥t❡r❛❝t✐♦♥s ❬✶✾❪✳ ❚❤❡
s❝❛✛♦❧❞s ❛r❡ ♣r❡✲❢❛❜r✐❝❛t❡❞ ♠❛tr✐❝❡s ❛♥❞ ✇♦r❦ ❛s ❛ ♣❤②s✐❝❛❧ s✉♣♣♦rt s②st❡♠ t❤❛t
♠✐♠✐❝ t❤❡ ❊❈▼ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ t✐ss✉❡✳ ❚❤❡ ❝❡❧❧s ❝❛♥ ❛tt❛❝❤✱ ♠✐❣r❛t❡✱ ❛♥❞ ✜❧❧ t❤❡
✐♥t❡rst✐❝❡s ♦❢ t❤❡ s❝❛✛♦❧❞s ❛♥❞ ❢♦r♠ ✸❉ ❝✉❧t✉r❡s ❬✸✺❪✳ ❍❡r❡✱ t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♠❡t❤♦❞
❛♥❞ ♠❛t❡r✐❛❧ ❞❡t❡r♠✐♥❡ t❤❡ s❝❛✛♦❧❞ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ♣r♦♣❡rt✐❡s ❛♥❞ t❤❡r❡❢♦r❡✱ t❤❡
✜❡❧❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥✳ ❚②♣✐❝❛❧ s❝❛✛♦❧❞ ❞❡s✐❣♥s ❛r❡ ❢♦r ❡①❛♠♣❧❡ ♠❡s❤❡s✱ ✜❜❡rs✱ s♣♦♥❣❡s

❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✻
❛♥❞ ❢♦❛♠s✱ ✐❞❡❛❧ t♦ ♣r♦♠♦t❡ ❛ ✉♥✐❢♦r♠ ❝❡❧❧ ❞✐str✐❜✉t✐♦♥✱ ♥✉tr✐❡♥t ❞✐✛✉s✐♦♥✱ ❛♥❞ t❤❡
❣r♦✇t❤ ♦❢ ♦r❣❛♥✐③❡❞ ❝❡❧❧ ❝♦♠♠✉♥✐t✐❡s ❬✸✻❪✳ ❆ ❧✐st ♦❢ t❤❡ ✈❛r✐♦✉s ❢❛❜r✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡s
❛r❡ ❣✐✈❡♥ ✐♥ t❤❡ r❡✈✐❡✇ ♦❢ ❑✉♠❛r ❛♥❞ ❝♦✲✇♦r❦❡rs ❬✷✵❪✳ P♦♣✉❧❛r ♠❡t❤♦❞s ❛r❡
❡①❡♠♣❧❛r✐❧② ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✷✳✷✳
❚❛❜❧❡ ✷✳✷✿ ❙❝❛✛♦❧❞ ❢❛❜r✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣✳
❙❝❛✛♦❧❞ ❛r❝❤✐t❡❝t✉r❡ ▼❡t❤♦❞
P♦r♦✉s s♣♦♥❣❡s ▲❡❛❝❤✐♥❣ ♠❡t❤♦❞s
❙♦❧✈❡♥t ❡✈❛♣♦r❛t✐♦♥
▼✐❝r♦s♣❤❡r❡s P❛rt✐❝❧❡ ❛❣❣r❡❣❛t✐♦♥
❋r❡❡③❡ ❞r②✐♥❣
▼✐❝r♦♠♦❧❞✐♥❣
❍②❞r♦❣❡❧s P❤♦t♦❧✐t❤♦❣r❛♣❤②
▼✐❝r♦✢✉✐❞✐❝s
❊♠✉❧s✐✜❛❝t✐♦♥
❊❧❡❝tr♦s♣✐♥♥✐♥❣
❋✐❜❡rs ❲❡t✲s♣✐♥♥✐♥❣
▼❡❧t✲❜❧♦✇♥ ♣r♦❝❡ss
▼✐❝r♦♣❛tt❡r♥❡❞ s✉r❢❛❝❡s ❈♦❛t✐♥❣ ♠❡t❤♦❞s
❚❤❡ ❧✐st ♦❢ ♠❛t❡r✐❛❧s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣ ✐s ❡✈❡♥ ❧♦♥❣❡r✱ s✐♥❝❡
t❤❡r❡ ❛r❡ ♠♦r❡ t❤❛♥ ✶✵✵ t②♣❡s ♦❢ ♠❛tr✐❝❡s ❛♥❞ s❝❛✛♦❧❞s ❝✉rr❡♥t❧② ❜❡✐♥❣ ✉s❡❞ ❬✸✼❪✳ ■♥
❣❡♥❡r❛❧✱ t❤❡s❡ ♠❛t❡r✐❛❧s ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ ✹ ❣r♦✉♣s✿ ♠❡t❛❧s✱ ❝❡r❛♠✐❝s✱ ♣♦❧②♠❡rs
❛♥❞ ❝♦♠♣♦s✐t❡s ❬✸✽❪✳ ❍❡r❡✱ ♦♥❧② t❤❡ ♣♦❧②♠❡r✐❝ ♠❛t❡r✐❛❧s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡
❞❡t❛✐❧ ❞✉❡ t♦ t❤❡✐r ❤✐❣❤ ✢❡①✐❜✐❧✐t② ✐♥ ❞❡s✐❣♥✐♥❣ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ str✉❝t✉r❡ ✇✐t❤ ❛
♣♦ss✐❜❧❡ ❤✐❣❤ s✉r❢❛❝❡✲t♦✲✈♦❧✉♠❡ r❛t✐♦✱ ❤✐❣❤ ♣♦r♦s✐t② ✇✐t❤ s♠❛❧❧ ♣♦r❡ s✐③❡✱
❜✐♦❞❡❣r❛❞❛t✐♦♥✱ ❛♥❞ t✉♥❛❜❧❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳
■♥ t✉r♥✱ t❤❡ ♣♦❧②♠❡r ❜❛s❡❞ ♠❛t❡r✐❛❧s ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ s②♥t❤❡t✐❝✱ ♥❛t✉r❛❧ ❛♥❞
❜✐♦❤②❜r✐❞ ♠❛tr✐❝❡s ❬✸✼❪✳ ❙♦♠❡ ❡①❛♠♣❧❡s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✷✳✸✳ ❚❤❡s❡
❜✐♦♠❛t❡r✐❛❧s ❛r❡ ❞❡s✐❣♥❡❞ t♦ ♣❡r❢♦r♠ s❡✈❡r❛❧ ❢✉♥❝t✐♦♥s ♦❢✿ ✭❛✮ t♦ ♣r♦♠♦t❡
❝❡❧❧✲❜✐♦♠❛t❡r✐❛❧ ✐♥t❡r❛❝t✐♦♥s✱ ❝❡❧❧ ❛❞❤❡s✐♦♥ ❛♥❞ ❊❈▼ ❞❡♣♦s✐t✐♦♥✱ ✭❜✮ t♦ ♣❡r♠✐t
s✉✣❝✐❡♥t tr❛♥s♣♦rt ♦❢ ❣❛s❡s✱ ♥✉tr✐❡♥ts✱ ❛♥❞ r❡❣✉❧❛t♦r② ❢❛❝t♦rs t♦ ❛❧❧♦✇ ❝❡❧❧ s✉r✈✐✈❛❧✱
♣r♦❧✐❢❡r❛t✐♦♥✱ ❛♥❞ ❞✐✛❡r❡♥t✐❛t✐♦♥✱ ✭❝✮ t♦ ❜✐♦❞❡❣r❛❞❡ ❛t ❛ ❝♦♥tr♦❧❧❛❜❧❡ r❛t❡ ❝♦♠♣❛r✐♥❣
t♦ t❤❡ r❛t❡ ♦❢ t✐ss✉❡ r❡❣❡♥❡r❛t✐♦♥ ✉♥❞❡r ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ✭❞✮ t♦ ♣r♦✈♦❦❡ ❛
♠✐♥✐♠❛❧ ❞❡❣r❡❡ ♦❢ ✐♥✢❛♠♠❛t✐♦♥ ♦r t♦①✐❝✐t② ✐♥ ✈✐✈♦ ❬✷✵✱ ✸✾❪✳ ◆♦t ❛❧❧ t❤❡s❡ ❝r✐t❡r✐❛ ♥❡❡❞
t♦ ❜❡ ❢✉❧✜❧❧❡❞ ❜✉t ❞❡♣❡♥❞ ♦♥ t❤❡ s♣❡❝✐✜❝ ❛♣♣❧✐❝❛t✐♦♥✳ ❋♦r ❝❡❧❧ ❡①♣❛♥s✐♦♥ ♣✉r♣♦s❡s
♦♥❧② ✭❛✮ ❛♥❞ ✭❜✮ ❛r❡ ✐♠♣♦rt❛♥t ❛♥❞ ❤❛✈❡ t♦ ❜❡ ❛❞❥✉st❡❞ ❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ❝❡❧❧✲❧✐♥❡✳
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✼
❚❛❜❧❡ ✷✳✸✿ P♦❧②♠❡r ❜❛s❡❞ ♠❛t❡r✐❛❧s ❢♦r ❝✉❧t✉r✐♥❣ ❝❡❧❧s ❛s ✸❉ s②st❡♠s✳
◆❛t✉r❛❧
❉❡①tr❛♥✱ ❈♦❧❧❛❣❡♥✱ ●❡❧❛t✐♥✱
❍②❛❧✉r♦♥✐❝ ❛❝✐❞ ✭❍❆✮✱ ❈❤✐t♦s❛♥✱ ❆❧❣✐♥❛t❡s✱
❋✐❜r✐♥✱ ❙✐❧❦✱ ❈❡❧❧✉❧♦s❡ ❛❝❡t❛t❡✱ ❈❛s❡✐♥
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P♦❧②✭❧❛❝t✐❝✲❝♦✲❣❧②❝♦❧✐❝ ❛❝✐❞✮ ✭P▲●❆✮✱
P♦❧②✭❝❛♣r♦❧❛❝t♦♥❡✮ ✭P❈▲✮✱ ❆rt✐✜❝✐❛❧ ♣r♦t❡✐♥s✱
P♦❧②✭✈✐♥②❧❛❧❝♦❤♦❧✮ ✭P❱❆✮✱ P♦❧②✭❛❝r②❧✐❝ ❛❝✐❞✮ ✭P❆❆✮
P♦❧②✭❞✐♠❡t❤②❧ s✐❧♦①❛♥❡✮ ✭P❉▼❙✮
❇✐♦❤②❜r✐❞
P❈▲✲❝❤✐t♦s❛♥✱ ✲❣❡❧❛t✐♥✱ ✲❝♦❧❧❛❣❡♥✱
P❊●✲❍❆✱ P▲●❆✲❤②❞r♦①②❛♣❛t✐t❡
■♥ ❝♦♥tr❛st✱ ❢♦r ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ❛ ❧♦✇ ❝♦♠♣❧❡♠❡♥t ❛❝t✐✈❛t✐♦♥
✐s ❡ss❡♥t✐❛❧ ❛♥❞ ❛ ❞❡❣r❛❞❛t✐♦♥ ✐s ♣r❡❢❡r❛❜❧❡ ❜✉t ♥♦t ❛❧✇❛②s ♥❡❝❡ss❛r②✳ ❈♦♥s✐❞❡r❛t✐♦♥s
❢♦r s❡❧❡❝t✐♥❣ ♠❛t❡r✐❛❧s ❛s ❜✐♦♠❛t❡r✐❛❧s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡✐r ♠❛t❡r✐❛❧ ❝❤❡♠✐str②✱ ♠♦❧❛r
♠❛ss✱ s♦❧✉❜✐❧✐t②✱ s❤❛♣❡ ❛♥❞ str✉❝t✉r❡✱ ❤②❞r♦♣❤✐❧✐❝✐t②✴❤②❞r♦♣❤♦❜✐❝✐t②✱ ❧✉❜r✐❝✐t②✱
s✉r❢❛❝❡ ❡♥❡r❣②✱ ✇❛t❡r ❛❞s♦r♣t✐♦♥ ❞❡❣r❛❞❛t✐♦♥✱ ❛♥❞ ❡r♦s✐♦♥ ♠❡❝❤❛♥✐s♠ ❬✷✵❪✳ ❙✐♥❝❡
t♦❞❛②✱ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ❢♦r t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣ ❛♥❞ ♦r❣❛♥ s✉❜st✐t✉t✐♦♥ ❝❛♥
❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ✐✳❡✳ ❢♦r s❦✐♥ ❛♥❞ ❝❛rt✐❧❛❣❡ ❬✹✵❪✱ ❜♦♥❡ ❬✹✶❪✱ ❧✐✈❡r ❬✹✷❪✱ ❤❡❛rt
✈❛❧✈❡s ❛♥❞ ❛rt❡r✐❡s ❬✹✸❪✱ ❜❧❛❞❞❡r ❬✹✹❪✱ ♣❛♥❝r❡❛s ❬✹✺❪✱ ♥❡r✈❡s ❬✹✻❪✱ ❝♦r♥❡❛s ❬✹✼❪✱ ❛♥❞
♥✉♠❡r♦✉s ♦t❤❡r s♦❢t t✐ss✉❡s ❬✹✽❪✳
❚❤❡ ✜rst ❝❧✐♥✐❝❛❧❧② ✉s❡❞ s❝❛✛♦❧❞s ✇❡r❡ ♠❛❞❡ ♦❢ ♥❛t✉r❛❧ ♣♦❧②♠❡rs✱ ♠❛✐♥❧② ❜❛s❡♠❡♥t
♠❡♠❜r❛♥❡ ♣r♦t❡✐♥s ✇❤✐❝❤ ❛r❡ ✇✐❞❡❧② ✉s❡❞ ♥♦✇❛❞❛②s ❬✹✾❪✳ ◆❛t✉r❛❧❧② ❞❡r✐✈❡❞ s❝❛✛♦❧❞s
♣♦ss❡ss ♣♦t❡♥t✐❛❧ ❛❞✈❛♥t❛❣❡s ♦❢ ❜✐♦❝♦♠♣❛t✐❜✐❧✐t②✱ ❝❡❧❧✲❝♦♥tr♦❧❧❡❞ ❞❡❣r❛❞❛❜✐❧✐t②✱ ❛♥❞
✐♥tr✐♥s✐❝ ❝❡❧❧✉❧❛r ✐♥t❡r❛❝t✐♦♥ ❜✉t ♦❢t❡♥ ❡①❤✐❜✐t ❜❛t❝❤ ✈❛r✐❛t✐♦♥s ❛♥❞ ♦♥❧② ❛ ♥❛rr♦✇
❛♥❞ ❧✐♠✐t❡❞ r❛♥❣❡ ♦❢ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❙②♥t❤❡t✐❝ ♣♦❧②♠❡rs ❛r❡ ✉s✉❛❧❧② ❝❤❡❛♣❡r✱
❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ ❧❛r❣❡ q✉❛♥t✐t✐❡s✱ ❤❛✈❡ ❛ ❧♦♥❣ s❤❡❧❢ t✐♠❡ ❛♥❞ ❧❡❛❞ t♦ ♠❛tr✐❝❡s ♦❢
♣r❡❞✐❝t❛❜❧❡ ❛♥❞ r❡♣r♦❞✉❝✐❜❧❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ✇✐t❤ t✉♥❛❜❧❡
t❡♥s✐❧❡ str❡♥❣t❤ ❛♥❞ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❬✺✵❪✳ ❍♦✇❡✈❡r✱ t❤❡✐r ❜✐♦❝♦♠♣❛t✐❜✐❧✐t② ❛♥❞
❜✐♦❞❡❣r❛❞❛❜✐❧✐t② ❛r❡ ♦❢t❡♥ ✐♥s✉✣❝✐❡♥t ❛♥❞ ❧✐♠✐ts t❤❡✐r ❝❧✐♥✐❝❛❧ ✉s❡✳ ❇✐♦❤②❜r✐❞
♠❛t❡r✐❛❧s✱ ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ s②♥t❤❡t✐❝ ❛♥❞ ♥❛t✉r❛❧ ♣♦❧②♠❡rs✱ ❝❛♥ ✐♠♣r♦✈❡ t❤❡
s❝❛✛♦❧❞ ♣r♦♣❡rt✐❡s ❛❧❧♦✇✐♥❣ ❝♦♥tr♦❧❧❡❞ ❞❡❣r❛❞❛t✐♦♥ ❬✺✶❪ ❛♥❞ ❡♥❤❛♥❝❡❞
❜✐♦❝♦♠♣❛t✐❜✐❧✐t② ❬✺✷❪✳
❖✈❡r❛❧❧✱ ♣♦❧②♠❡r s❝❛✛♦❧❞s ❝❛♥ ♣r♦✈✐❞❡ ♠❡❝❤❛♥✐❝❛❧ str❡♥❣t❤✱ ✐♥t❡r❝♦♥♥❡❝t❡❞ ♣♦r♦s✐t②
❛♥❞ s✉r❢❛❝❡ ❛r❡❛ ✇✐t❤ ✈❛r②✐♥❣ s✉r❢❛❝❡ ❝❤❡♠✐str②✱ ❛s ✇❡❧❧ ❛s ✉♥✐q✉❡ ❣❡♦♠❡tr✐❡s✱ ✇❤✐❝❤
❝❛♥ ❜❡ t❛✐❧♦r❡❞ t♦✇❛r❞s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❜② s❡❧❡❝t✐♥❣ t❤❡ ♣♦❧②♠❡rs✱ ❛❞❞✐t✐♦♥❛❧
s❝❛✛♦❧❞ ❝♦♠♣♦♥❡♥ts✱ ❛♥❞ t❤❡ ❢❛❜r✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡ ❬✺✸❪✳
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✽
✷✳✶✳✷✳✶ ❍♦✇ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❞❡t❡r♠✐♥❡ ❝❡❧❧ ❜❡❤❛✈✐♦r
❚❤❡ ♣❤②s✐❝❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛s ✇❡❧❧ ❛s t❤❡ s✉r❢❛❝❡ ❝❤❡♠✐str② ♦❢ s❝❛✛♦❧❞s
❛♥❞ ♠❛tr✐❝❡s ❛r❡ ❦❡② ♣❛r❛♠❡t❡rs ❢♦r ❞❡s✐❣♥✐♥❣ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ s②st❡♠s✳ ❉❡♣❡♥❞✐♥❣
♦♥ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❝❡❧❧s ❛♥❞ t❤❡ s♣❡❝✐✜❝ t✐ss✉❡✱ t❤❡s❡ ♣❛r❛♠❡t❡rs ❤❛✈❡ t♦
❜❡ ❛❞❥✉st❡❞ ❢♦r ❛ s✉❝❝❡ss❢✉❧ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤✐s ❝❤❛♣t❡r ✐s ❞❡❞✐❝❛t❡❞ t♦ ❡♠♣❤❛s✐③❡
❤♦✇ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ st✐♠✉❧✐ ❝❛♥ ❞✐r❡❝t ❝❡❧❧ ❛❞❤❡s✐♦♥ ❛♥❞ ❝❡❧❧ ❞✐✛❡r❡♥t✐❛t✐♦♥✳
❋✉rt❤❡r♠♦r❡✱ ✐t ✇✐❧❧ ❡①♣❧❛✐♥ ✇❤② ♦♥❡ ♠❛❥♦r ❢♦❝✉s ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ ❞❡✈❡❧♦♣ ❛ t✉♥❛❜❧❡
♠❛t❡r✐❛❧ ✇✐t❤ r❡s♣❡❝t t♦ ♠❡❝❤❛♥✐❝❛❧ ❞✐✈❡rs✐t② ❛♥❞ ✈❛r②✐♥❣ s✉r❢❛❝❡ ❝❤❡♠✐str②✳
▼❡❝❤❛♥♦tr❛♥s❞✉❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ♠❡❝❤❛♥✐s♠ ❤♦✇ ❝❡❧❧s tr❛♥s❧❛t❡ ♠❡❝❤❛♥✐❝❛❧
st✐♠✉❧✐ ✐♥t♦ ❜✐♦❝❤❡♠✐❝❛❧ ❛❝t✐✈✐t② t❤❛t ❛✛❡❝t ❝❡❧❧ ❢✉♥❝t✐♦♥s ❬✺✹❪✳ ❲❤❡t❤❡r ❡①t❡r♥❛❧❧② ♦r
✐♥t❡r♥❛❧❧② ❣❡♥❡r❛t❡❞✱ t❤❡s❡ st✐♠✉❧✐ ♣❧❛② ❛♥ ❡ss❡♥t✐❛❧ ♣❛rt ✐♥ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♣r♦♣❡r
t✐ss✉❡ ♣❤②s✐♦❧♦❣② ❛♥❞ ❧❡❛❞ t♦ ❛ r❡s♣♦♥s❡ ♦❢ t❤❡ ✇❤♦❧❡ ♦r❣❛♥✐s♠✳ ❋♦r ❡①❛♠♣❧❡✱
❣r❛✈✐t❛t✐♦♥❛❧ ❝♦♠♣r❡ss✐♦♥ r❡❣✉❧❛t❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ ❜♦♥❡ ✇❤❡r❡❛s ✐s♦t♦♥✐❝ t❡♥s✐♦♥
❝❛✉s❡s ♠✉s❝❧❡s t♦ ❣r♦✇ ❬✺✺✱ ✺✻❪✳ ❆s✐❞❡ ❡①t❡r♥❛❧❧② ❛♣♣❧✐❡❞ ❢♦r❝❡s✱ ❝♦♥tr❛❝t✐❧❡ ❢♦r❝❡s t❤❛t
❛r❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❛❝t♦♠②♦s✐♥ ❝②t♦s❦❡❧❡t♦♥ ❢r♦♠ ❝❡❧❧ t♦ ❝❡❧❧ ❛r❡ ✐♠♣♦rt❛♥t ❢♦r
❝❡❧❧✉❧❛r ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✐♥s✐❞❡ ❛♥❞ ♦✉ts✐❞❡ ♦❢ ❛ ❝❡❧❧ ❬✺✼❪✳ ❚❤❡ ❝❡❧❧✉❧❛r
r❡s♣♦♥s❡ t♦ ♠❡❝❤❛♥✐❝❛❧ ❢♦r❝❡s ✐s ✐♥❤❡r❡♥t❧② ❝♦✉♣❧❡❞ t♦ t❤❡ ✐♥t❡r♥❛❧ ♦r❣❛♥✐③❛t✐♦♥ ♦❢
t❤❡ ❝②t♦s❦❡❧❡t♦♥ ❛♥❞ t♦ ❛❞❤❡s✐♦♥ t♦ s✉rr♦✉♥❞✐♥❣ ❝❡❧❧s ❛♥❞ t❤❡ ❊❈▼✳ ❨❡t s♠❛❧❧
❝❤❛♥❣❡s ❝❛♥ ❝❛✉s❡ ❛ ❝❡❧❧ t♦ r❡♦r✐❡♥t ✐ts ❜♦❞②✱ ❝❤❛♥❣❡ ✐ts s❤❛♣❡✱ ♦r ❛❧t❡r ✐ts ❢✉♥❝t✐♦♥❛❧
st❛t❡ ❬✺✹✱ ✺✽✕✻✵❪✳ ❋✐❣✉r❡ ✷✳✸ s✉♠♠❛r✐③❡s t❤❡ ♠✉❧t✐t✉❞❡ ♦❢ ♠♦❧❡❝✉❧❛r ♣❧❛②❡rs t❤❛t ❛r❡
✐♥✈♦❧✈❡❞ ✐♥ ❝❡❧❧✉❧❛r ♠❡❝❤❛♥♦tr❛♥s❞✉❝t✐♦♥ ✇❤✐❝❤ ❞✐s♣❧❛②s t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡
s✐❣♥❛❧✲♣❛t❤✇❛②s✳ ❋♦r ❛ ❧♦♥❣ t✐♠❡✱ ♦♥❧② s♦❧✉❜❧❡ ❛♥❞ ✐♥s♦❧✉❜❧❡ ❢❛❝t♦rs ✇❡r❡ ✉s❡❞ t♦
❝♦♥tr♦❧ ❛♥❞ ♠❡❞✐❛t❡ ✐♥ ✈✐tr♦ ❝❡❧❧ ❞✐✛❡r❡♥t✐❛t✐♦♥✳ ❇✉t r❡❝❡♥t❧② ✐t ❤❛s ❜❡❝♦♠❡ ❝❧❡❛r
t❤❛t ✐♥ ✈✐tr♦ ❝✉❧t✉r❡❞ ❝❡❧❧s s❡♥s❡ ❛♥❞ r❡s♣♦♥❞ t♦ t❤❡✐r ♠✐❝r♦❡♥✈✐r♦♥♠❡♥t ❛♥❞
♠❡❝❤❛♥✐❝❛❧ s✐❣♥❛❧s ♣r♦✈✐❞❡ ❢✉♥❞❛♠❡♥t❛❧ ♠❡❛♥s ❢♦r t❤❡✐r ❢✉♥❝t✐♦♥ ❛♥❞ ❢❛t❡ ❬✻✷✱ ✻✸❪✳ ❙♦✱
✐t ❤❛s ❣r♦✇♥ t♦ ❛♥ ✐♥t❡♥s✐✈❡❧② st✉❞✐❡❞ r❡s❡❛r❝❤ ❛r❡❛ ♦❢ ❤♦✇ ♠❛tr✐① ❛♥❞ s❝❛✛♦❧❞
❡❧❛st✐❝✐t② ❝❛♥ ❜❡ ✉t✐❧✐③❡❞ t♦ ❡✳❣✳ ❞✐r❡❝t ❧✐♥❛❣❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ♠❡s❡♥❝❤②♠❛❧ st❡♠
❝❡❧❧s ❬✻✹✱ ✻✺❪✳ ▼♦r❡♦✈❡r✱ ✐♥ ✈✐tr♦ ❡①♣❡r✐♠❡♥ts ♦♥ ✈❛r✐♦✉s s♦❢t s❝❛✛♦❧❞s r❡✈❡❛❧❡❞ t❤❛t
❛❧s♦ ❝❡❧❧ ♣r♦❧✐❢❡r❛t✐♦♥ ❛♥❞ ♠✐❣r❛t✐♦♥ str♦♥❣❧② ❞❡♣❡♥❞ ♦♥ s✉❜str❛t❡ ❡❧❛st✐❝✐t② ❬✻✸✱ ✻✻✱✻✼❪✳
▲♦ts ♦❢ ♠❛t❡r✐❛❧s ✇✐t❤ t✉♥❛❜❧❡ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ❤❛✈❡ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ t♦ ❣❛✐♥
❛ ❞❡❡♣❡r ✉♥❞❡rst❛♥❞✐♥❣✳ ❋✐rst st✉❞✐❡s ❜❛s❡❞ ♦♥ P❉▼❙ s✉❜str❛t❡s ❬✻✽❪ ❜✉t ❧❛t❡r ❤❛✈❡
❜❡❡♥ r❡♣❧❛❝❡❞ ❜② t❤❡ ♠♦r❡ ❤②❞r♦♣❤✐❧✐❝ ♣♦❧②✭❛❝r②❧❛♠✐❞❡✮ ✭P❆❆♠✮ ❬✻✾✱ ✼✵❪✱ ✇❤✐❝❤ ✐s
♥♦✇ r❡❝♦❣♥✐③❡❞ ❛s t❤❡ st❛♥❞❛r❞ ♠❛t❡r✐❛❧ ❢♦r ✉s❡ ✐♥ ♠❡❝❤❛♥♦s❡♥s✐♥❣ st✉❞✐❡s✳
❘❡❝❡♥t❧②✱ t❤❡ r❛♥❣❡ ♦❢ ♠❛t❡r✐❛❧s ❤❛✈❡ ❜❡❡♥ ❡①t❡♥❞❡❞ ✇✐t❤ ❛ P❊●✲❜❛s❡❞ ♠❛t❡r✐❛❧✱
❛❧❜❡✐t ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛❞❤❡s✐✈❡ ❝♦❛t✐♥❣s t♦ ❛✈♦✐❞ str✉❝t✉r❛❧ ✐♥✢✉❡♥❝❡s ♦❢ t❤❡
s✉❜str❛t❡ ❬✼✶❪✳ ❚❤❡ r❡❛s♦♥ ✇❛s✱ t❤❛t ♥❡✇ r❡s✉❧ts ♣r♦♣♦s❡❞ t❤❛t t❤❡ ♥❛♥♦ str✉❝t✉r❡ ♦❢
t❤❡ ♣♦❧②♠❡r ♥❡t✇♦r❦ str♦♥❣❧② ❛✛❡❝t t❤❡ ✇❛② ❝❡❧❧s r❡s♣♦♥s❡ t♦ t❤❡ s✉❜str❛t❡ ✈✐❛ t❤❡



❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✶✷
Microcarrier
Cells
Medium
Bioreactor
Stirrer
❋✐❣✉r❡ ✷✳✻✿ Pr✐♥❝✐♣❧❡ ♦❢ ❛ ❜✐♦r❡❛❝t♦r ✇✐t❤ s✉s♣❡♥❞❡❞✱ s❡❡❞❡❞ ♠✐❝r♦❝❛rr✐❡rs✳
♠♦♥♦❧❛②❡rs ✇❤❡♥ t❤❡② ❝✉❧t✉r❡❞ ✜❜r♦❜❧❛st✲❧✐❦❡ ❍✲❝❡❧❧s ❛♥❞ ❤✉♠❛♥ ❡♠❜r②♦♥✐❝ ❧✉♥❣
❝❡❧❧s ✭❍❊▲ ❝❡❧❧s✮ ♦♥ ♣♦s✐t✐✈❡❧② ❝❤❛r❣❡❞ ❞✐❡t❤②❧❡t❤❛♥♦❧❛♠✐♥❡ ✭❉❊❆❊✮✲❙❡♣❤❛❞❡①❘©
❞❡①tr❛♥ ♣❛rt✐❝❧❡s✳ ❚❤❡② r❡♣♦rt❡❞ ❝♦♠♣❛r❛❜❧❡ ❣r♦✇t❤ r❛t❡s ❢♦r ♠✐❝r♦❝❛rr✐❡rs ❛♥❞
♠♦♥♦❧❛②❡rs ❜✉t ❢♦r ♠✐❝r♦❝❛rr✐❡rs t❤❡② ❛❝❤✐❡✈❡❞ ❤✐❣❤❡r ❝❡❧❧ ❝♦♥❝❡♥tr❛t✐♦♥s ❬✾✷❪✳ ❚❤❡
❤✐❣❤ s✉r❢❛❝❡✲t♦✲✈♦❧✉♠❡ r❛t✐♦ ♦❢ ♠✐❝r♦❜❡❛❞s ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❤✐❣❤ ❝❡❧❧
❝♦♥❝❡♥tr❛t✐♦♥s✱ s♦ ✶ ❣ ♦❢ ♠✐❝r♦❜❡❛❞s ♣r♦✈✐❞❡ ❛ s✉r❢❛❝❡ ❛r❡❛ ✇❤✐❝❤ ✐s ✷✵ t♦ ✹✵ t✐♠❡s
❛s ♠✉❝❤ ❝♦♠♣❛r❡❞ t♦ ❝♦♥✈❡♥t✐♦♥❛❧ ❝✉❧t✉r❡ ✢❛s❦s ✭✸✵✵✵✲✻✵✵✵ ❝♠2✴❣ ✈s✳ ✶✺✵ ❝♠2✮✳
❲❤❡♥ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ❛r❡ ❛❞❥✉st❡❞ ♣r♦♣❡r❧②✱ ❝❡❧❧ ❞♦✉❜❧✐♥❣ t✐♠❡s ❝❛♥ ❜❡ ❡✈❡♥
s❤♦rt❡r ❛s ❝♦♠♣❛r❡❞ t♦ P❡tr✐ ❞✐s❤ ❝✉❧t✉r❡ ✭✷ ✲ ✸ ❞❛②s ✈s✳ ✺ ❞❛②s✮✱ ❧❡❛❞✐♥❣ t♦ t❤❡
s✉❣❣❡st✐♦♥ t❤❛t t❤❡ ✐♥❝r❡❛s❡❞ ♠❛ss tr❛♥s❢❡r ✐♥ t❤❡ ❜✐♦r❡❛❝t♦r ❡♥❝♦✉r❛❣❡ ❝❡❧❧
❣r♦✇t❤ ❬✾✸❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ✉s❡ ♦❢ ❜✐♦r❡❛❝t♦rs r❡❞✉❝❡s r❡q✉✐r❡❞ ❧❛❜✲s♣❛❝❡ ❛♥❞
♠❡❞✐✉♠ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ ❧♦✇❡rs ❝♦sts✳ ▼♦r❡♦✈❡r✱ ❝✉❧t✉r❡ ♣❛r❛♠❡t❡rs ❧✐❦❡
♣❍✱ ♣❖2✱ ♥✉tr✐❡♥t ❧❡✈❡❧s✱ ❛♥❞ ♠✐①✐♥❣ ❛r❡ ❜❡tt❡r ❝♦♥tr♦❧❧❡❞ ❬✾✹❪ ❛♥❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧
❡♥✈✐r♦♥♠❡♥t✱ ❡✳❣✳ ❤②❞r♦❞②♥❛♠✐❝ ♣r❡ss✉r❡✱ s❤❡❛r str❡ss❡s ❛♥❞ ♠❡❞✐✉♠ ✢♦✇ ♣❛tt❡r♥s✱
✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ ✐♥✢✉❡♥❝❡ ❝❡❧❧ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❝❛♥ ❜❡ ♠❛♥✐♣✉❧❛t❡❞ ❬✾✺❪✳ ❙♦ ❢❛r✱
♥✉♠❡r♦✉s ❡①t❡♥s✐✈❡ ❛♥❞ s✉❝❝❡ss❢✉❧ ❝✉❧t✉r❡ ♠❡t❤♦❞s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ❢♦r ❛ ✇✐❞❡
r❛♥❣❡ ♦❢ ❞✐✛❡r❡♥t ❝❡❧❧ ❧✐♥❡❛❣❡s✱ ✐♥❝❧✉❞✐♥❣ ♦st❡♦❜❧❛sts ❬✾✻❪✱ ❝❤♦♥❞r♦❝②t❡s ❬✾✼❪✱ ❡♣✐t❤❡❧✐❛❧
❝❡❧❧s ❬✾✽❪✱ ❡♥❞♦t❤❡❧✐❛❧ ❝❡❧❧s ❬✾✾❪✱ ❤❡♣❛t♦❝②t❡s ❬✶✵✵❪✱ ❛♥❞ st❡♠ ❝❡❧❧s ❬✶✵✶❪✳
❇❡②♦♥❞ t❤❡✐r ❜❡♥❡✜ts ❢♦r ❡①t❡♥s✐✈❡ ❝❡❧❧ ♣r♦❧✐❢❡r❛t✐♦♥✱ ♠✐❝r♦❝❛rr✐❡rs ♣r♦✈✐❞❡ ❛♥
✐♥❥❡❝t❛❜❧❡ s②st❡♠ ❢♦r ❞✐r❡❝t ❝❡❧❧ ❞❡❧✐✈❡r② t♦ ❞❡❣❡♥❡r❛t✐♦♥ s✐t❡s ✐♥ ✈✐✈♦ ✇✐t❤ ❛ ❣♦♦❞
❝❡❧❧ s✉♣♣♦rt ❛♥❞ ❞❡❧❛②❡❞ r❡s♦r♣t✐♦♥ ❬✶✵✷❪✳ ❚❤❡ tr❛♥s♣❧❛♥t❛t✐♦♥ ♦❢ s❡❡❞❡❞ ♠✐❝r♦❝❛rr✐❡rs
✇❛s ♣r♦✈❡❞ t♦ r❡♣❛✐r ❛♥❞ ♣r♦t❡❝t ❞❛♠❛❣❡❞ t✐ss✉❡✱ ✐♠♣r♦✈❡ t❤❡ s✉r✈✐✈❛❧ r❛t❡ ♦❢ ❤♦st
❝❡❧❧s✱ ❞❡❝r❡❛s❡ r❡❥❡❝t✐♦♥ ❛♥❞ ❞r✐✈❡ s✉rr♦✉♥❞✐♥❣ ❝❡❧❧s ❢♦r ❞✐✛❡r❡♥t✐❛t✐♦♥ ❬✶✵✸✱✶✵✹❪✳ ❚❤❡s❡
❛❞✈❛♥t❛❣❡s ❝♦✉❧❞ ❜❡ r❡♣♦rt❡❞ ❢♦r ♠✉❧t✐♣❧❡ t②♣❡s ♦❢ t✐ss✉❡s ❛♥❞ ❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡s✱
❡✳❣✳ ♥❡✉r♦♥❛❧ ❞✐s❡❛s❡s ❧✐❦❡ P❛r❦✐♥s♦♥ ❞✐s❡❛s❡ ❬✶✵✺❪✱ ❍✉♥t✐♥❣t♦♥ ❞✐s❡❛s❡ ❬✶✵✸❪✱ ❛♥❞
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✶✸
❚❛❜❧❡ ✷✳✹✿ ❙❡❧❡❝t✐♦♥ ♦❢ ❝✉rr❡♥t❧② ✉s❡❞ ♠✐❝r♦❝❛rr✐❡rs ❛♥❞ ♠❛t❡r✐❛❧s✳
❈♦♠♠❡r❝✐❛❧ ◆♦♥✲❝♦♠♠❡r❝✐❛❧
◆❛♠❡ ▼❛t❡r✐❛❧ ▼❛t❡r✐❛❧
❇✐♦s✐❧♦♥
❚▼
P♦❧②✭st②r❡♥❡✮ ✭P❙✮ ❈❡❧❧✉❧♦s❡
❈❡❧❧❛❣❡♥
❚▼
❈♦❧❧❛❣❡♥ ❈❡r❛♠✐❝
❈✉❧t✐s♣❤❡r
❚▼
✲●✴❙ ●❡❧❛t✐♥ ❈❤✐t♦s❛♥
❈②t♦❞❡①
❚▼
✶✴✸ ❉❡①tr❛♥ ❈♦❧❧❛❣❡♥
❈②t♦❧✐♥❡
❚▼
P♦❧②✭❡t❤②❧❡♥❡✮ ✭P❊✮✴s✐❧✐❝❛ ●❡❧❛t✐♥
❈②t♦♣♦r❡
❚▼
❈❡❧❧✉❧♦s❡ ▼✐❝r♦♥✐③❡❞ ❛❝❡❧❧✉❧❛r
●❧❛ss✲❝♦❛t❡❞ ●❧❛ss ❞❡r♠❛❧ ♠❛tr✐① ✭▼❆▼✮ ❬✶✶✸❪
❍✐❧❧❡①
❚▼
❉❡①tr❛♥ P▲❆
❍②◗❙♣❤❡r❡
❚▼
P❙ P▲●❆
P❧❛st✐❝P❧✉s ❝♦❛t❡❞
❚▼
P❙ P♦❧②✭◆✲✐s♦♣r♦♣②❧ ❛❝r②❧❛♠✐❞❡✮
❙♣❤❡r❡❈♦❧
❚▼
❈♦❧❧❛❣❡♥ ✭P◆✐P❆❆♠✮ ❬✶✶✹❪
P❊●✴❤❡♣❛r✐♥ ❬✶✶✺❪
P❈▲ ❬✶✶✻❪
st♦❦❡ ❬✶✵✻❪✱ ❝❛rt✐❧❛❣❡ ❞❛♠❛❣❡ ❬✾✸✱ ✶✵✷❪✱ ❞✐❛❜❡t❡s ♠❡❧❧✐t✉s ❬✶✵✼❪✱ ❛♥❞ t♦ tr❡❛t ❢✉❧❧✲t❤✐❝❦♥❡ss
❛♥❞ ❝❤r♦♥✐❝ ✇♦✉♥❞s ❬✶✵✽❪✳
❋✉rt❤❡r♠♦r❡✱ ♠✐❝r♦❝❛rr✐❡rs ❝❛♥ s❡r✈❡ ❛s ✸❉ ♠♦❞❡❧ s②st❡♠s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡
❢♦r♠❛t✐♦♥ ❛♥❞ ❢✉♥❝t✐♦♥ ♦❢ ❝♦♠♣❧❡① t✐ss✉❡s ❧✐❦❡ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ❬✶✵✾❪ ❛♥❞
❡♥❞♦t❤❡❧✐✉♠ ❬✶✶✵❪ ♦r ❢♦r ❤✐❣❤✲t❤r♦✉❣❤♣✉t ❞r✉❣ ❝❛♥❞✐❞❛t❡ t♦①✐❝✐t② ❛ss❡ss♠❡♥t
♠♦❞❡❧s ❬✶✶✶❪✳
▼✐❝r♦❜❡❛❞s✱ t❤❡ ❜❛s❡ ❢♦r ♠✐❝r♦❝❛rr✐❡rs✱ ❛r❡ ❛ ✈❡r② ✢❡①✐❜❧❡ ♠❛t❡r✐❛❧ ❛♥❞ ❝❛♥ ❜❡ t✉♥❡❞
✐♥ ✈❛r✐♦✉s ♣❛r❛♠❡t❡rs ❧✐❦❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤②✱ ♣♦r♦s✐t②✱
♥❡t✲❝❤❛r❣❡✱ ❛♥❞ ❜❡❛❞ s✐③❡✳ ❚❤❡ ❞✐❛♠❡t❡r ✐s t②♣✐❝❛❧❧② ❜❡t✇❡❡♥ ✶✵✵ ❛♥❞ ✹✵✵ µ♠ ❛♥❞
s❤♦✉❧❞ ♥♦t ❢❛❧❧ ❜❡❧♦✇ ✶✵✵ µ♠✱ ✇❤✐❧❡ t❤✐s ✇❛s s❤♦✇♥ t♦ ❝❛✉s❡ ✐♥✢❛♠♠❛t✐♦♥s ✐♥ ✈✐✈♦✳
❋✉rt❤❡r♠♦r❡✱ t❤❡② s❤♦✉❧❞ ♥♦t ❡①❝❡❡❞ ❞✐❛♠❡t❡rs ♦❢ ✺✵✵ µ♠✱ ✇❤✐❧❡ ❛ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t
♦♥ t❤❡ ❞✐✛❡r❡♥t✐❛t✐♦♥ ❜❡❤❛✈✐♦r ♦❢ ❣♦❛t ♠❡s❡♥❝❤②♠❛❧ ♣r♦❣❡♥✐t♦r ❝❡❧❧s ✇❛s
♦❜s❡r✈❡❞ ❬✶✶✷❪✳ ❆ ✈❛st ♥✉♠❜❡r ♦❢ ♠✐❝r♦❝❛rr✐❡rs ♦❢ ❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛r❡
♥♦✇ ✐♥ ✉s❡✱ s♦♠❡ ❛r❡ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡✱ s♦♠❡ ✇❡r❡ s②♥t❤❡s✐③❡❞ ❢♦r s♣❡❝✐✜❝
❛♣♣❧✐❝❛t✐♦♥s ♦r t❤❡✐r s✉r❢❛❝❡ ❤❛s ❜❡❡♥ ♠♦❞✐✜❡❞✳ ❚❛❜❧❡ ✷✳✹ ❣✐✈❡s ❛ s❡❧❡❝t✐♦♥ ♦❢
♠✐❝r♦❝❛rr✐❡rs ❛♥❞ ♠❛t❡r✐❛❧s ❝✉rr❡♥t❧② ✐♥ ✉s❡✳ ▼♦st ❝♦♠♠♦♥❧② ✉s❡❞ ❛r❡ ❞❡①tr❛♥
♠✐❝r♦❜❡❛❞s ✇✐t❤ ❛ ♣♦s✐t✐✈❡ ❝❤❛r❣❡ ✭❈②t♦❞❡①
❚▼
✶✮ ❛♥❞ ❣❡❧❛t✐♥ ♠✐❝r♦❜❡❛❞s
✭❈✉❧t✐s♣❤❡r
❚▼
✲●✴❙✮ ✇✐t❤ ❛ ♠❛❝r♦♣♦r♦✉s s✉r❢❛❝❡ t♦♣♦❣r❛♣❤②✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✶✹
s✉r❢❛❝❡ ❛r❡❛ ❛♥❞ ♣r♦✈✐❞❡s ❞♦♠❛✐♥s ✇✐t❤ ❧♦✇❡r❡❞ s❤❡❛r str❡ss ✐❞❡❛❧ ❢♦r s❡♥s✐t✐✈❡ ❝❡❧❧
❧✐♥❡s ❬✾✹❪✳ ❚❤❡ ♠❛❥♦r✐t② ♦❢ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♠✐❝r♦❜❡❛❞s ❛r❡ r❡✉s❛❜❧❡ ❛♥❞
♥♦♥✲❞❡❣r❛❞❛❜❧❡✳ ❙✐♥❝❡ ❢♦r ❛ ✈❛r✐❡t② ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ❞❡❣r❛❞❛t✐♦♥ ✐s ❞❡s✐r❡❞✱
♠✐❝r♦❜❡❛❞s ❤❛✈❡ t♦ ❜❡ s②♥t❤❡s✐③❡❞ ♦r ♠♦❞✐✜❡❞ ❢♦r t❤❡s❡ s♣❡❝✐✜❝ ❞❡♠❛♥❞s✳
✷✳✶✳✸✳✷ ▼✐❝r♦❜❡❛❞ ♣r❡♣❛r❛t✐♦♥
❋♦r t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ ♠✐❝r♦❜❡❛❞s s❡✈❡r❛❧ ♠❡t❤♦❞s ❛r❡ ❛✈❛✐❧❛❜❧❡ s✉❝❤ ❛s ❞✐s♣❡rs✐♦♥✱
♣r❡❝✐♣✐t❛t✐♦♥ ❛♥❞ ✐♥✈❡rs❡ ❡♠✉❧s✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡s✱ s♣r❛② ❞r②✐♥❣✱ ♦r ❝♦❛❝❡r✈❛t✐♦♥
❧❡❛❞✐♥❣ t♦ ✈❛r✐♦✉s ♣❛rt✐❝❧❡ s✐③❡s ❛♥❞ ❞✐str✐❜✉t✐♦♥s ❬✶✶✼❪✳ ▼❛✐♥ ❝r✐t❡r✐❛ ❢♦r ❛ ❡✣❝✐❡♥t
♠✐❝r♦❜❡❛❞ ♣r❡♣❛r❛t✐♦♥ ❛r❡✿
• ✈❛r✐❛❜❧❡ s✐③❡ ✲ ✈❡rs❛t✐❧❡ ❛♣♣❧✐❝❛t✐♦♥s
• ♥❛rr♦✇ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✲ ❛✈♦✐❞✐♥❣ ✐♥✢❛♠♠❛t✐♦♥ ❜② ❡♥❞♦❝②t♦s✐s
• ✉♥✐❢♦r♠ ✐♥ s❤❛♣❡ ✲ ❤♦♠♦❣❡♥♦✉s ❝♦♥❞✐t✐♦♥s
• ❤✐❣❤ t❤r♦✉❣❤♣✉t✱ ❝♦♥t✐♥✉♦✉s❧② ✇♦r❦✐♥❣ ✲ s✉✣❝✐❡♥t ②✐❡❧❞s
❊♠✉❧s✐✜❝❛t✐♦♥ ✐s t❤❡ ♠❛✐♥❧② ✉s❡❞ t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ s♣❤❡r✐❝❛❧ ♣❛rt✐❝❧❡s ♦♥ t❤❡
♠✐❝r♦♠❡t❡r s❝❛❧❡✳ ■♥ ♣r✐♥❝✐♣❧❡✱ ✇❤❡♥ t✇♦ ✐♠♠✐s❝✐❜❧❡ ❧✐q✉✐❞s ❛r❡ ♠✐①❡❞✱ ❡✳❣✳ ❜②
s❤❛❦✐♥❣✱ st✐rr✐♥❣✱ ❤♦♠♦❣❡♥✐③✐♥❣✱ ♦r ❡①♣♦s✉r❡ t♦ ✉❧tr❛s♦✉♥❞✱ ❞r♦♣❧❡ts ♦❢ t❤❡ ❞✐s♣❡rs❡❞
♣❤❛s❡ ❛r❡ ❢♦r♠❡❞ ✇✐t❤✐♥ t❤❡ ❝♦♥t✐♥✉♦✉s ♣❤❛s❡✳ ■♥ ❝❛s❡ t❤❡ ❞r♦♣❧❡t ❞✐❛♠❡t❡rs ❛r❡ ♦❢
♠✐❝r♦♠❡t❡r s❝❛❧❡✱ t❤❡s❡ s♦✲❝❛❧❧❡❞ ♠✐❝r♦❡♠✉❧s✐♦♥s ❛r❡ t❤❡r♠♦❞②♥❛♠✐❝❛❧❧② st❛❜❧❡ ❬✶✶✽❪✳
■♥ ❝♦♥tr❛st t♦ ❛♥ ♦✐❧✲✐♥✲✇❛t❡r ❡♠✉❧s✐♦♥✱ ❛ ✇❛t❡r✲✐♥✲♦✐❧ ❡♠✉❧s✐♦♥ ✐s ❝❛❧❧❡❞ ✐♥✈❡rs❡
❡♠✉❧s✐♦♥✱ ✇❤❡r❡ ❛q✉❡♦✉s ❞r♦♣❧❡ts ❛r❡ ❢♦r♠❡❞ ✇✐t❤✐♥ ❛♥ ♦✐❧ ♣❤❛s❡ ❬✶✶✾❪✳ ❚❤✐s
t❡❝❤♥✐q✉❡ ✐s ♦❢t❡♥ ✉s❡❞ t♦ ♣r❡♣❛r❡ ❤②❞r♦❣❡❧ ♠✐❝r♦❜❡❛❞s✱ s♦ ❝❛❧❧❡❞ ♠✐❝r♦❣❡❧s✳ ❍❡r❡✱
✇❛t❡r s♦❧✉❜❧❡ ♣♦❧②♠❡rs ❛♥❞ ❝r♦ss❧✐♥❦❡rs ❛r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✇❛t❡r✱ ❞✐s♣❡rs❡❞ ✐♥ ❛♥ ♦✐❧
♣❤❛s❡ ❛♥❞ s✉❜s❡q✉❡♥t❧② ❝r♦ss❧✐♥❦❡❞ t♦ ♦❜t❛✐♥ ❤②❞r♦❣❡❧ ♠✐❝r♦❜❡❛❞s✳ ▼♦st
str❛✐❣❤t❢♦r✇❛r❞✱ ❡♠✉❧s✐✜❝❛t✐♦♥ ✐s ❛❝❤✐❡✈❡❞ ❜② ♠❡❝❤❛♥✐❝❛❧ ❛❣✐t❛t✐♦♥ ✉s✐♥❣ ❡✳❣✳ ❛
st✐rr✐♥❣ t❛♥❦ r❡❛❝t♦r✳ ❲✐t❤ t❤✐s t❡❝❤♥✐q✉❡ ❛ ♠✉❧t✐t✉❞❡ ♦❢ ♠✐❝r♦❜❡❛❞s ❤❛✈❡ ❜❡❡♥
❢❛❜r✐❝❛t❡❞ ❜❛s❡❞ ♦♥ ❛❧❣✐♥❛t❡ ❬✶✷✵❪✱ ❝❤✐t♦s❛♥ ❬✶✷✶❪✱ ❤②❞r♦①②❛♣❛t✐t❡✴❝♦❧❧❛❣❡♥ ❬✶✷✷❪✱
❍❆ ❬✶✷✸❪✱ ❛♥❞ P❊● ❬✶✷✹❪ ❜✉t ❣❡♥❡r❛❧❧② ✇✐t❤ ❛ ♣♦♦r ❝♦♥tr♦❧ ♦✈❡r s✐③❡ ❛♥❞ s✐③❡
❞✐str✐❜✉t✐♦♥ ❬✶✷✺❪✳
■♥ ❝♦♥tr❛st✱ ♠❡♠❜r❛♥❡ ❡♠✉❧s✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛❧❧♦✇ ❛ ❜❡tt❡r ❝♦♥tr♦❧ ♦❢ ❞r♦♣❧❡t
s✐③❡ ❛♥❞ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛s ✜rst❧② r❡♣♦rt❡❞ ❜② ◆❛❦❛s❤✐♠❛ ❛♥❞ ❝♦✲✇♦r❦❡rs ✐♥
✶✾✾✷ ❬✶✷✻❪✳ ❍❡r❡✱ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❞r♦♣❧❡ts ♦❝❝✉r ✇❤✐❧❡ ✉s✐♥❣ ❛ ♣♦r♦✉s ♠❡♠❜r❛♥❡✱ ❛s
❡①❡♠♣❧✐✜❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✼✳ ❚❤❡ ❞✐s♣❡rs❡❞ ♣❤❛s❡ ✐s ❢♦r❝❡❞ t❤r♦✉❣❤ ♣♦r❡s ♦❢ ❛
♠❡♠❜r❛♥❡ ✐♥t♦ ❛ ❝♦♥t✐♥✉♦✉s ♣❤❛s❡ ✇❤❡r❡ t❤❡ ❞r♦♣❧❡ts ❛r❡ s❤❡❛r❡❞ ♦✛ ❜② t❤❡ ✢♦✇✳
❚❤❡ ♦❜t❛✐♥❡❞ ❞r♦♣❧❡t s✐③❡ ✐s ♠❛✐♥❧② ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ♣♦r❡ s✐③❡ ♦❢ t❤❡ ♠❡♠❜r❛♥❡✳
P♦ss✐❜❧❡ ♠❛t❡r✐❛❧s ❛r❡ ♣♦r♦✉s ❣❧❛ss✱ ❝❡r❛♠✐❝✱ ♠❡t❛❧ ❛♥❞ ♣♦❧②♠❡r ♠❡♠❜r❛♥❡s✳ ❚❤❡


❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✶✼
❞❡✈✐❝❡ ❛❞❞s ❛ s♠❛❧❧ ♦r✐✜❝❡ ♥❡①t t♦ t❤❡ ❝r♦ss ❥✉♥❝t✐♦♥ ✇❤❡r❡ t❤❡ ❝♦♠❜✐♥❡❞ t✇♦✲♣❤❛s❡
✢♦✇ ✐s ❢♦r❝❡❞ t❤r♦✉❣❤ ❛s ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣❛r❛♠❡t❡r t♦ ❝♦♥tr♦❧ t❤❡ ❞r♦♣ s✐③❡ ❬✶✹✹❪✳
❚♦ ❣❛✐♥ ♠♦r❡ ❝♦♥tr♦❧ ♦✈❡r ❞r♦♣❧❡t ❢♦r♠❛t✐♦♥✱ ❛❞❞✐t✐♦♥❛❧❧②✱ ❛❝t✐✈❡ ❡❧❡♠❡♥ts ❝❛♥ ❜❡
✐♠♣❧❡♠❡♥t❡❞ t♦ t❤❡ ❞❡✈✐❝❡✱ ❡✳❣✳ ❛♥ ❛❞❛♣t❛❜❧❡ ♦r✐✜❝❡ ✈✐❛ ♠❡♠❜r❛♥❡ ✈❛❧✈❡
✐♥❝♦r♣♦r❛t✐♦♥ ❬✶✹✺❪✱ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ♦✈❡r t❤❡ ❝♦♥t❛❝t ❛♥❣❧❡ ❜❡t✇❡❡♥ ❝❤❛♥♥❡❧ ❛♥❞
❝♦♥t✐♥✉♦✉s ♣❤❛s❡ ❬✶✹✻❪✱ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s t❤❛t r❡s♣♦♥❞ t♦ ❛♥ ❡①t❡r♥❛❧ ✜❡❧❞ ❬✶✹✼❪✱
♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❡❧❡❝tr♦r❤❡♦❧♦❣✐❝❛❧ ✢✉✐❞s t♦ ♦❜t❛✐♥ ✧s♠❛rt✧ ❞r♦♣❧❡ts ❬✶✹✽❪✳
✷✳✷ P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮s ❛s ❜✐♦♠❛t❡r✐❛❧s
✷✳✷✳✶ ●❡♥❡r❛❧ ❛s♣❡❝ts
P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮s ✭P❖①✮ ❛r❡ ❛ ❝❧❛ss ♦❢ ♣♦❧②♠❡rs ❝♦♥s✐st✐♥❣ ♦❢ ✷✲♦①❛③♦❧✐♥❡ r❡♣❡❛t✐♥❣
✉♥✐ts ❛♥❞ r❡❣❛r❞❡❞ ❛s ❛ ♠❡♠❜❡r ♦❢ ♣s❡✉❞♦✲♣♦❧②♣❡♣t✐❞❡s ❬✶✹✾❪✳ ❚❤❡② ❛r❡ ❛❝❝❡ss✐❜❧❡ ✈✐❛
r✐♥❣✲♦♣❡♥✐♥❣ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ✷✲♦①❛③♦❧✐♥❡s ✇❤✐❝❤ ✇❛s ✐♥❞❡♣❡♥❞❡♥t❧② r❡♣♦rt❡❞ ❜②
❢♦✉r ❣r♦✉♣s ✐♥ ✶✾✻✻✴✻✼ ❬✶✺✵✕✶✺✸❪✳ ✷✲❖①❛③♦❧✐♥❡s ❛r❡ ✜✈❡✲♠❡♠❜❡r❡❞ ❝②❝❧✐❝ ✐♠✐♥♦ ❡t❤❡rs✱
♦✣❝✐❛❧❧② ❞❡♥♦t❡❞ ❛s ✹✱✺✲❞✐❤②❞♦♦①❛③♦❧❡s ❜② t❤❡ ■❯P❆❈✱ ❛♥❞ ❝❛♥ ❜❡ s✉❜st✐t✉t❡❞ ❛t
t❤❡ ✷✱ ✹ ❛♥❞ ✺ ♣♦s✐t✐♦♥✱ ✇❤✐❝❤ ❞❡♠♦♥str❛t❡s t❤❡ ❣r❡❛t ✈❛r✐❡t② ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❡r✐✈❛t✐✈❡s
✭❋✐❣✉r❡ ✷✳✾✮✳ ❍♦✇❡✈❡r✱ t❤❡ s✉❜st✐t✉t✐♦♥ ❛t ♣♦s✐t✐♦♥ ✷ ♣r❡✈❛✐❧s✱ r❛♥❣✐♥❣ ❢r♦♠ ❛ ❧❛r❣❡
❣❛❧❧❡r② ♦❢ ❛❧❦②❧ r❡s✐❞✉❡s t♦ ♠♦❞✉❧❛t❡ s♦❧✉❜✐❧✐t② ❛♥❞ ❧♦✇❡r ❝r✐t✐❝❛❧ s♦❧✉t✐♦♥
t❡♠♣❡r❛t✉r❡ ✭▲❈❙❚✮ ♦❢ P❖① ❬✶✺✹✕✶✺✻❪✱ t♦ ✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧ ♠♦✐❡t✐❡s ❢r♦♠
❛♠✐♥❡s ❬✶✺✼✱✶✺✽❪✱ t❤✐♦❧s ❬✶✺✾✱✶✻✵❪✱ ❝❛r❜♦①②❧✐❝ ❛❝✐❞s ❬✶✻✶❪✱ ❛❧❦❡♥❡s ❬✶✻✷❪✱ ❛❧❦②♥❡s ❬✶✻✸❪✱
❛❧❞❡❤②❞❡s ❬✶✻✹❪✱ t❤r♦✉❣❤ t♦ ❜✐s♦①❛③♦❧✐♥❡s ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ♥❡t✇♦r❦
str✉❝t✉r❡s ❬✶✻✺✱✶✻✻❪✳ ❆ s✉❜st✐t✉t✐♦♥ ❛t ♣♦s✐t✐♦♥ ✹ ❛♥❞ ✺ ❝❛♥ ✐♥tr♦❞✉❝❡ ❛ ❝❤✐r❛❧✐t② t♦
t❤❡ ♣♦❧②♠❡r ✇❤✐❝❤ ❝❤❛♥❣❡s t❤❡ ♣♦❧②♠❡r str✉❝t✉r❡ ✐♥ s♦❧✉t✐♦♥ ❛♥❞ ❤❡♥❝❡ ✐ts s♦❧✉❜✐❧✐t②
❛♥❞ ▲❈❙❚ ❬✶✻✼❪✳ ❚❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ✷✲♦①❛③♦❧✐♥❡s ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ ✸ st❡♣s✱
♥❛♠❡❧② t❤❡ ✐♥✐t✐❛t✐♦♥✱ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ t❡r♠✐♥❛t✐♦♥✱ s❝❤❡♠❛t✐❝❛❧❧② ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✉r❡
✷✳✶✵✳ ■♥ ❣❡♥❡r❛❧✱ P❖① ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✈✐❛ t❤❡r♠❛❧ ✐♥✐t✐❛t✐♦♥ ♦❢ s✉❜st✐t✉t❡❞
✷✲♦①❛③♦❧✐♥❡s ❛t t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ ✶✵✵ ✲ ✷✵✵ ◦❈ ❬✶✻✽✱✶✻✾❪✱ ❡♥③②♠❛t✐❝ r✐♥❣✲♦♣❡♥✐♥❣
♣♦❧②❛❞❞✐t✐♦♥ ❬✶✼✵❪✱ ❜✉t ♣r❡❞♦♠✐♥❛♥t❧② ✈✐❛ ❧✐✈✐♥❣ ❝❛t✐♦♥✐❝ r✐♥❣✲♦♣❡♥✐♥❣ ♣♦❧②♠❡r✐③❛t✐♦♥
✭▲❈❘❖P✮✳ ❚❤❡ ▲❈❘❖P ❝❛♥ ❜❡ ✐♥✐t✐❛t❡❞ ❜② ✈❛r✐♦✉s ❡❧❡❝tr♦♣❤✐❧❡s ❧✐❦❡ ▲❡✇✐s ♦r
❇rø♥st❡❞ ❛❝✐❞s ❛s ✇❡❧❧ ❛s ❛❧❦②❧❛t✐♥❣ ❛❣❡♥ts✱ ♠♦st ❢r❡q✉❡♥t❧② ♠❡t❤②❧ tr✐✢❛t❡✱ ♠❡t❤②❧
N
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❋✐❣✉r❡ ✷✳✾✿ ❙tr✉❝t✉r❡ ♦❢ ✉♥s✉❜st✐t✉t❡❞ ✷✲♦①❛③♦❧✐♥❡✳
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❋✐❣✉r❡ ✷✳✶✵✿ ▼❡❝❤❛♥✐s♠ ♦❢ t❤❡ ▲❈❘❖P ♦❢ ✷✲s✉❜st✐t✉t❡❞ ✷✲♦①❛③♦❧✐♥❡s✳
t♦s②❧❛t❡✱ ❛♥❞ ♠❡t❤②❧ ✐♦❞✐❞❡ ❬✶✺✻✱✶✼✶✱✶✼✷❪✳ ❚♦ ❞❛t❡✱ ❛ ❣r❡❛t ✈❛r✐❡t② ♦❢ ✐♥✐t✐❛t♦rs ❛r❡
r❡♣♦rt❡❞ t❤❛t ❝❛♥ ✐♥tr♦❞✉❝❡ ✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♦r ✈❛r② t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ P❖①
t♦ st❛r✲❧✐❦❡ ❬✶✼✸❪✱ ❜♦✇✲t✐❡ ❬✶✼✹❪ ❛♥❞ ♠♦❧❡❝✉❧❛r ❜r✉s❤❡s ❬✶✼✺✕✶✼✼❪✳ ❆ s✉✐t❛❜❧❡ ✐♥✐t✐❛t♦r ✐s
❛tt❛❝❦❡❞ q✉✐❝❦❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② ❜② t❤❡ ♥✉❝❧❡♦♣❤✐❧✐❝ ✐♠✐♥♦ ♥✐tr♦❣❡♥ ♦❢ t❤❡
♠♦♥♦♠❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ♦r ❜❡❧♦✇✱ ✇❤✐❧❡ ♣♦❧②♠❡r✐③❛t✐♦♥ st❛rts ❛t
t❡♠♣❡r❛t✉r❡s ❛❜♦✈❡ ✹✵◦❈✳ ❚❤✐s ✐s ❝r✉❝✐❛❧ t♦ ♦❜t❛✐♥ ✇❡❧❧✲❞❡✜♥❡❞ ♣♦❧②♠❡rs ♦❢ ❧♦✇
❞✐s♣❡rs✐t✐❡s ✭Ð❁ ✶✳✷✮✳ ❚❤❡ ❡♠❡r❣✐♥❣ ❝♦✉♥t❡r ✐♦♥ ✭❳⊖✮ s❤♦✉❧❞ ❜❡ ♦❢ ❧♦✇
♥✉❝❧❡♦♣❤✐❧✐❝✐t② ✐♥ ♦r❞❡r t♦ s❤✐❢t t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❢r♦♠ t❤❡ ❝♦✈❛❧❡♥t s♣❡❝✐❡s t♦ t❤❡
❝❛t✐♦♥✐❝ ♦①❛③♦❧✐♥✐✉♠ ✐♦♥ ✇❤✐❝❤ ❞r❛♠❛t✐❝❛❧❧② ✐♥❝r❡❛s❡s t❤❡ r❡❛❝t✐✈✐t②✳ ❍❡r❡✱ t❤❡
❝❤♦✐❝❡ ♦❢ s♦❧✈❡♥t ❤❛s ❛ s✉❜st❛♥t✐❛❧ ✐♠♣❛❝t ❛s ❛♣♦❧❛r s♦❧✈❡♥ts ❧✐❦❡ ❛❝❡t♦♥✐tr✐❧❡
st❛❜✐❧✐③❡ t❤❡ ✐♦♥✐❝ s♣❡❝✐❡s ❞✉❡ t♦ s♦❧✈❛t✐♦♥✳ ❚❤❡ ♣r♦♣❛❣❛t✐♦♥ st❛rts ✇✐t❤ t❤❡
♥✉❝❧❡♦♣❤✐❧✐❝ ❛tt❛❝❦ ❛t t❤❡ ✺✲♣♦s✐t✐♦♥ ♦❢ t❤❡ ♦①❛③♦❧✐♥✐✉♠ ❝❛t✐♦♥ ❜② t❤❡ ✐♠✐♥♦ ♥✐tr♦❣❡♥
♦❢ ❛♥♦t❤❡r ♠♦♥♦♠❡r✳ ❚❤✐s ❛tt❛❝❦ ✐s t❤❡r♠♦❞②♥❛♠✐❝❛❧❧② ❞r✐✈❡♥ ❞✉❡ t♦ t❤❡
r✐♥❣✲♦♣❡♥✐♥❣ ♦❢ t❤❡ ♦①❛③♦❧✐♥✉♠ ❛♥❞ ❤❡♥❝❡ t❤❡ ❧♦ss ♦❢ r✐♥❣ str❛✐♥ ❛♥❞ t❤❡ ❝♦♥✈❡rs✐♦♥
♦❢ t❤❡ ❝②❝❧✐❝ ✐♠✐♥❡ ✐♥t♦ t❤❡ st❛❜❧❡ ❛♠✐❞❡ ❬✶✼✽❪✳ ❚❤❡ ♣r♦♣❛❣❛t✐♦♥ ♣r♦❝❡❡❞s ✉♥t✐❧ ❢✉❧❧
♠♦♥♦♠❡r ❝♦♥s✉♠♣t✐♦♥✱ ✇❤❡r❡❜② t❤❡ s♦✲❝❛❧❧❡❞ ❧✐✈✐♥❣ ❝❤❛✐♥✲❡♥❞ ✐s st✐❧❧ ♠❛✐♥t❛✐♥❡❞✳
❚❤✐s ❛❧❧♦✇s t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❢✉rt❤❡r ♠♦♥♦♠❡rs ♦❢ s❛♠❡ ✭❤♦♠♦♣♦❧②♠❡r✮ ♦r ❞✐✛❡r❡♥t
❦✐♥❞ ✭❝♦♣♦❧②♠❡r✮ ❛♥❞ ❜❧♦❝❦ ❝♦♣♦❧②♠❡rs ❛r❡ ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡✳ ❚❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ✐s
t❡r♠✐♥❛t❡❞ ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❛ s✉✣❝✐❡♥t ♥✉❝❧❡♦♣❤✐❧✐❝ ❛❣❡♥t✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞ t♦
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✶✾
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❋✐❣✉r❡ ✷✳✶✶✿ P♦ss✐❜❧❡ ♠❡❝❤❛♥✐s♠ ♦❢ ❝❤❛✐♥ tr❛♥s❢❡r✱ ❝❤❛✐♥ ❝♦✉♣❧✐♥❣ ❛♥❞ s✉❜s❡q✉❡♥t ♣r♦♣❛✲
❣❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ▲❈❘❖P ♦❢ ✷✲♦①❛③♦❧✐♥❡s✳
✐♥tr♦❞✉❝❡ ❢✉rt❤❡r ❢✉♥❝t✐♦♥❛❧ ♠♦✐❡t✐❡s✳ ❚❤❡ ▲❈❘❖P ✐s r❡❣❛r❞❡❞ ❛s ❛ ❝♦♥tr♦❧❧❡❞
r❡❛❝t✐♦♥ t❤❛t ♣r♦✈✐❞❡s ❛ ❣♦♦❞ ❝♦♥tr♦❧ ♦✈❡r ♣♦❧②♠❡r ❝♦♠♣♦s✐t✐♦♥✱ ❞❡❣r❡❡ ♦❢
♣♦❧②♠❡r✐③❛t✐♦♥ ❛♥❞ ❞✐s♣❡rs✐t②✳ ❍♦✇❡✈❡r✱ s✐❞❡ r❡❛❝t✐♦♥s ❛r❡ r❡♣♦rt❡❞ ❛♥❞ ❝❛♥ ♦❝❝✉r
❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ♣r♦❧♦♥❣❡❞ r❡❛❝t✐♦♥ t✐♠❡s✱ ❤✐❣❤ ❞❡❣r❡❡s ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦r
❤✐❣❤ ✐♥✐t✐❛❧ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥s ❬✶✼✾✱✶✽✵❪✳ ❋✐❣✉r❡ ✷✳✶✶ s✉♠♠❛r✐③❡s t❤❡
♠❡❝❤❛♥✐s♠✱ ♣r♦♣♦s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ■♥ ❝♦♥❝❧✉s✐♦♥✱ ♣♦❧②✭✷✲♦①❛③♦❧✐♥❡✮s ❝❛♥ ❜❡
s②♥t❤❡s✐③❡❞ ✇✐t❤ ❤✐❣❤ str✉❝t✉r❛❧ ❝♦♥tr♦❧ ❛♥❞ ❞❡✜♥✐t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ❣❡♥❡r❛❧❧②
r❡str✐❝t❡❞ t♦ ❛ ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ❛r♦✉♥❞ ✺✵ ❛♥❞ r❡❛❝t✐♦♥ t❡♠♣❡r❛t✉r❡s
❛r♦✉♥❞ t❤❡ ❜♦✐❧✐♥❣ ♣♦✐♥t ♦❢ t❤❡ s♦❧✈❡♥t✳ ■♥ ✷✵✵✹✱ ❛ ♠✐❝r♦✇❛✈❡ ❛ss✐st❡❞ ▲❈❘❖P ✇❛s
✐♥tr♦❞✉❝❡❞ ❜② ❙❝❤✉❜❡rt ❛♥❞ ❝♦✲✇♦r❦❡rs ❬✶✽✶❪✱ ✇❤✐❝❤ ❡♥❛❜❧❡s r❡❛❝t✐♦♥ t❡♠♣❡r❛t✉r❡s
✇❛② ❛❜♦✈❡ t❤❡ ❜♦✐❧✐♥❣ ♣♦✐♥t ♦❢ t❤❡ s♦❧✈❡♥t✱ ✇✐t❤ ♣r❡ss✉r❡✲s❡❛❧❡❞ ✈❡ss❡❧s✳ ❚❤❡ s❡t✉♣
❛❧❧♦✇s ♣♦❧②♠❡r✐③❛t✐♦♥ ✐♥ ❛❝❡t♦♥✐tr✐❧❡ ❛t ✉♣ t♦ ✷✵✵◦❈ ❛t ❤✐❣❤ ♣r❡ss✉r❡s✳ ❚❤✉s✱ t❤❡
r❡❛❝t✐♦♥ t✐♠❡ ❝❛♥ ❜❡ ❞❡❝r❡❛s❡❞ ❢r♦♠ s❡✈❡r❛❧ ❤♦✉rs t♦ ❛ ❢❡✇ ♠✐♥✉t❡s ❛♥❞ t❤❡
♦❝❝✉rr❡♥❝❡ ♦❢ s✐❞❡ r❡❛❝t✐♦♥s ✐s ❝♦♥s✐❞❡r❛❜❧② ❞✐♠✐♥✐s❤❡❞✳ ❚❤❛t ❛❧❧♦✇s ❞❡❣r❡❡s ♦❢
♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ❛r♦✉♥❞ ✶✵✵ ✇❤✐❧❡ ♥❛rr♦✇ ♠♦❧❡❝✉❧❛r ✇❡✐❣❤t ❞✐str✐❜✉t✐♦♥s ❛t ❤✐❣❤
✐♥✐t✐❛❧ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥s ❝❛♥ ❜❡ r❡❛❧✐③❡❞ ❬✶✽✷❪✳ ❖✈❡r ❛❧❧✱ P❖① ✐s ❛ ❤✐❣❤❧②
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✷✵
✐♥tr✐❣✉✐♥❣ ♠♦❞✉❧❛r s②st❡♠ ❢♦r t❤❡ s②♥t❤❡s✐s ♦❢ ❞❡✜♥❡❞ ❛♥❞ t❛✐❧♦r❡❞ ♣♦❧②♠❡rs ✇✐t❤
✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧✐t✐❡s ❛♥❞ ❞❡s✐❣♥s ✐♥ ❛ ❤✐❣❤✲s❝❛❧❡ ❛♥❞ r❡♣r♦❞✉❝✐❜❧❡ ♠❛♥♥❡r✳
✷✳✷✳✷ P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮ ❜❛s❡❞ ❤②❞r♦❣❡❧s
❍②❞r♦❣❡❧s ❛r❡ ❤✐❣❤❧② ❤②❞r❛t❡❞ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ♥❡t✇♦r❦s ♦❢ ❤②❞r♦♣❤✐❧✐❝ ♣♦❧②♠❡rs
❛♥❞ ❞✉❡ t♦ t❤❡ ❝r♦ss❧✐♥❦✐♥❣ t❤❡② ❛r❡ ✐♥s♦❧✉❜❧❡ ❜✉t s✇❡❧❧ ✐♥ ✇❛t❡r✳ ❚❤❡② ❝❛♥ ❜❡
❞✐✈✐❞❡❞ ✐♥t♦ ♣❤②s✐❝❛❧❧② ♦r ❝❤❡♠✐❝❛❧❧② ❝r♦ss❧✐♥❦❡❞✱ ✐♦♥✐❝ ♦r ♥♦♥✲✐♦♥✐❝✱ ♥❛t✉r❛❧ ♦r
s②♥t❤❡t✐❝❛❧ ❞❡r✐✈❡❞✱ ❛♥❞ ❝❤❡♠✐❝❛❧❧② ✐♥❡rt ♦r ❞❡❣r❛❞❛❜❧❡✱ ✇❤✐❝❤ ✐❧❧✉str❛t❡s t❤❡ ✈❛st
✈❛r✐❡t② ♦❢ ♣♦ss✐❜❧❡ ❤②❞r♦❣❡❧s✳ P❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧s ❢❡❛t✉r❡✱ ❞✉❡ t♦ t❤❡ ❤✉❣❡
str✉❝t✉r❛❧ ❛♥❞ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧ ✈❛r✐❡t② ♦❢ P❖①✱ ❛ ✉♥♣r❡❝❡❞❡♥t❡❞ ❛❞❥✉st❛❜✐❧✐t② ♦❢
♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢♦r ♥✉♠❡r♦✉s ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ ❣❡♥❡r❛❧✱ ❝♦✈❛❧❡♥t ❝r♦ss❧✐♥❦✐♥❣ ❝❛♥
❜❡ ❛❝❤✐❡✈❡❞ ❜② ❡✐t❤❡r ✐♥ s✐t✉ ❝♦♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ♠♦♥♦✲ ❛♥❞ ❜✐s✲❢✉♥❝t✐♦♥❛❧
✷✲♦①❛③♦❧✐♥❡s ❬✶✻✺✱✶✻✻✱✶✽✸✱✶✽✹❪✱ ✈✐❛ ♠✉❧t✐✲❢✉♥❝t✐♦♥❛❧ P❖① ❛s ♠❛❝r♦♠♦♥♦♠❡rs ❬✶✽✺✕✶✽✽❪✱ ❛s
✇❡❧❧ ❛s t❤❡ r❡❛❝t✐♦♥ ♦❢ ❡♥❞ ♦r s✐❞❡ ❣r♦✉♣ ❢✉♥❝t✐♦♥❛❧✐t✐❡s s✉❝❤ ❛s
❤②❞r♦①②✴✐s♦❝②❛♥✐❞❡ ❬✶✽✾❪✱ ❛♠✐♥❡✴✐s♦❝②❛♥✐❞❡ ❬✶✾✵❪✱ ❛❧❦❡♥❡✴t❤✐♦❧ ❬✶✾✶✕✶✾✸❪✱
❛❧❞❡❤②❞❡✴❛♠✐♥❡ ❬✶✾✹❪ ♦r ❛♠✐♥❡✴❡♣♦①✐❞❡ ❬✶✾✺✱✶✾✻❪ ❥✉st t♦ ♥❛♠❡ ❛ ❢❡✇✳ P❤②s✐❝❛❧
❝r♦ss❧✐♥❦✐♥❣ ♦❢ P❖① ❝❛♥ ❜❡ r❡❛❧✐③❡❞ ✈✐❛ ❡✳❣✳ ❤②❞r♦❣❡♥ ❜♦♥❞s ❬✶✾✼❪✱ ♠❡t❛❧
❝♦♠♣❧❡①❛t✐♦♥ ❬✶✾✽✕✷✵✵❪ ♦r t❤❡ q✉❛t❡r♥✐③❛t✐♦♥ ♦❢ ❛♠✐♥❡s ❬✷✵✶❪✳
❚❤❡ ✜rst ❤②❞r♦❣❡❧s ❞❡r✐✈❡❞ ❢r♦♠ P❖① ✇❡r❡ r❡♣♦rt❡❞ ❜② ❈❤✉❥♦ ❛♥❞
❝♦✲✇♦r❦❡rs ❬✶✻✻✱✷✵✷✕✷✵✹❪ ✐♥ t❤❡ ❧❛t❡ ✶✾✽✵s✱ ❡❛r❧② ✶✾✾✵s ❛♥❞ ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ♣❛rt✐❛❧
❤②❞r♦❧②s✐s ♦❢ ♣♦❧②✭✷✲♠❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡✮ ✭P▼❡❖①✮ t♦ ❣❡♥❡r❛t❡ ❛ s❡❝♦♥❞❛r② ✐♠✐♥❡
❛♥❞ s✉❜s❡q✉❡♥t ❝r♦ss❧✐♥❦✐♥❣ ✇✐t❤ ❞✐✐s♦❝②❛♥❛t❡s ♦r ❞✐❛❝②❧❝❤❧♦r✐❞❡s✳ ❯♥t✐❧ t♦❞❛②✱
♠❛♥② ❞✐✛❡r❡♥t ❤②❞r♦❣❡❧s ❜❛s❡❞ ♦♥ P❖① ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ❛♥❞ ❛✐♠❡❞ t♦ ✐♥tr♦❞✉❝❡
♣r♦♣❡rt✐❡s✱ ❧✐❦❡ r❡s♣♦♥s✐✈❡♥❡ss ❛♥❞ ❜✐♦❞❡❣r❛❞❛❜✐❧✐t② ✈✐❛ ❝♦♣♦❧②♠❡r✐③❛t✐♦♥ ❛♥❞ t❤❡
✉s❡ ♦❢ s♣❡❝✐✜❝ ✷✲♦①❛③♦❧✐♥❡ ♠♦♥♦♠❡rs✳
❚❤❡r♠♦✲r❡s♣♦♥s✐✈❡ ❤②❞r♦❣❡❧s ❛r❡ ❤②❞r♦❣❡❧s ❝♦♥s✐st✐♥❣ ♦❢ ❛t ❧❡❛st ♦♥❡ ♣♦❧②♠❡r ✇✐t❤ ❛
▲❈❙❚ ❜❡❤❛✈✐♦r t❤❛t ✉♥❞❡r❣♦❡s ❛ t❡♠♣❡r❛t✉r❡✲❞❡♣❡♥❞❡♥t ♣❤❛s❡✲tr❛♥s✐t✐♦♥✱ ❡✈❡♥
✇❤❡♥ ✐♥❝❧✉❞❡❞ ✐♥t♦ t❤❡ ♥❡t✇♦r❦✳ ❚❤✐s ❧❡❛❞s t♦ ❛ s✇❡❧❧✐♥❣ ♦r s❤r✐♥❦✐♥❣ ♦❢ t❤❡
❤②❞r♦❣❡❧ ❛♥❞ t❤✉s ❛ ✈♦❧✉♠❡ ❝❤❛♥❣❡ ✇❤❡♥ t❤❡ s♦✲❝❛❧❧❡❞ ✈♦❧✉♠❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥
t❡♠♣❡r❛t✉r❡ ✭❱P❚✲❚✮ ✐s ❡①❝❡❡❞❡❞✳ ❚❤✐s ✐s ❛ ✇✐❞❡❧② ✉s❡❞ ♣❤❡♥♦♠❡♥♦♥ ✐♥ ❜✐♦r❡❧❛t❡❞
❛♣♣❧✐❝❛t✐♦♥s ❧✐❦❡ ❛rt✐✜❝✐❛❧ ♠✉s❝❧❡s✱ ✧♦♥✲♦✛✧ s✇✐t❝❤✐♥❣ ♠❛t❡r✐❛❧s✱ ❜✐♦s❡♣❛r❛t✐♥❣
♣r♦❝❡ss❡s ❛♥❞ ❝♦♥tr♦❧❧❡❞ ❞r✉❣ r❡❧❡❛s❡ s②st❡♠s ♦♥ ❛r♦✉♥❞ t❤❡ ❜♦❞② t❡♠♣❡r❛t✉r❡ ❬✷✵✺❪✳
❙♦✱ ♠✉❧t✐♣❧❡ t❤❡r♠♦✲r❡s♣♦♥s✐✈❡ P❖①✲❤②❞r♦❣❡❧s ❛r❡ ❞❡s❝r✐❜❡❞ ❛♥❞ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞
✐✳❡✳ ❜② r❡❛❝t✐♥❣ ♣♦❧②✭✷✲✐s♦♣r♦♣②❧✲✷✲♦①❛③♦❧✐♥❡✮ ✭P✐Pr❖①✮ ✇✐t❤ ❛ ❜✐s✲✷✲♦①❛③♦❧✐♥❡ ✈✐❛ ❛
♦♥❡✲♣♦t ♠✐❝r♦✇❛✈❡✲❛ss✐st❡❞ s♦❧✈❡♥t✲❢r❡❡ ♠❡t❤♦❞ ✭❱P❚✲❚ ≈ ✸✵✲✹✶◦❈✮ ❬✷✵✻❪✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❡✐t❤❡r ❛ P✐Pr❖① ♠❛❝r♦♠♦♥♦♠❡r ❛♥❞ ❡t❤②❧❡♥❡
❣❧②❝♦❧❡ ❞✐♠❡t❤❛❝r②❧❛t❡ ✭❱P❚✲❚ ≈ ✸✻◦❈✮ ❬✷✵✼❪✱ ♦r ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛
♣♦❧②✭✷✲❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡✮ ✭P❊t❖①✮ ♠❛❝r♦✲♠♦♥♦♠❡r ✇✐t❤ ❝❤✐t♦s❛♥ ✭❱P❚✲❚ ≈
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✷✶
✸✺✲✹✺◦❈✮ ❬✶✽✻❪✱ ♣♦❧②✭❤②❞r♦①②❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡✮ ✭P❍❊▼❆✮✱ ♣♦❧②✭✷✲❤②❞r♦①②♣r♦♣②❧
❛❝r②❧❛t❡✮ ✭P❍P❆✮✱ ❛♥❞ ♣♦❧②✭♠❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡✮ ✭P▼▼❆✮ ✭✭❱P❚✲❚ ≈
✹✵✲✼✵◦❈✮ ❬✶✽✺❪✱ ❛ t❤r❡❡✲❛r♠❡❞ ♣♦❧②✭❉✱▲✲❧❛❝t✐❞❡✮ ✭✸P▲❆✮ ✭❱P❚✲❚ ≈ ✷✵✲✹✵◦❈✮ ❬✷✵✽❪ ✇❛s
r❡♣♦rt❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ◆✲✐s♦♣r♦♣②❧ ❛❝r②❧❛♠✐❞❡ ✭◆✐P❆❆♠✮ ❛♥❞
P❖① ♠❛❝r♦✲♠♦♥♦♠❡rs ❬✷✵✾✕✷✶✶❪✳
❙✐♠✐❧❛r t♦ t❤❡ t❤❡r♠♦✲r❡s♣♦♥s✐✈❡♥❡ss✱ ❛ ✈♦❧✉♠❡ ❝❤❛♥❣❡ ❝❛♥ ❜❡ tr✐❣❣❡r❡❞ ❜② ❛
♣❍✲✈❛❧✉❡ s❤✐❢t ✉s✐♥❣ ♣❍✲s❡♥s✐t✐✈❡ ❝♦♠♣♦♥❡♥ts ❢♦r t❤❡ ❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥✳
❈♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ ✸P▲❆ ❬✷✵✽❪✱ ♣❛rt✐❛❧❧② ❤②❞r♦❧②③❡❞ P❊t❖① ❬✷✶✷❪✱ ❝❤✐t♦s❛♥ ❬✶✽✻❪✱ ❛♥❞
✷✲❝❛r❜♦①②❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡ ❬✷✶✸❪✳
❋♦r ♠❛♥② ❜✐♦♠❡❞✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ❞r✉❣ ❞❡❧✐✈❡r②✱ t✐ss✉❡ ❡♥❣✐♥❡❡r✐♥❣✱ ♦r ✸❉
❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛ ❝♦♥tr♦❧❧❛❜❧❡ ❜✐♦❞❡❣r❛❞❛t✐♦♥ ✐s ♥♦t ✐♥❡✈✐t❛❜❧② ❡ss❡♥t✐❛❧ ❜✉t ♦❢t❡♥
❞❡s✐r❡❞✳ ❙✐♥❝❡ P❖① ✉♥❞❡r❣♦❡s ❛ ❞❡❣r❛❞❛t✐♦♥ ♦♥❧② ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ r❡❛❝t✐✈❡ ♦①②❣❡♥
s♣❡❝✐❡s ✭❘❖❙✮ t❤❡② ❛r❡ ❢♦r♠❛❧❧② r❡❣❛r❞❡❞ ❛s ♥♦♥✲❜✐♦❞❡❣r❛❞❛❜❧❡ ❬✷✶✹❪✳ ❍♦✇❡✈❡r✱ ✐t ✐s
♣♦ss✐❜❧❡ t♦ ✐♥tr♦❞✉❝❡ ❜✐♦❞❡❣r❛❞❛❜❧❡ ♣❛rts ✇✐t❤✐♥ t❤❡ ❤②❞r♦❣❡❧ ♥❡t✇♦r❦ ✈✐❛ t❤❡
❝♦♣♦❧②♠❡r✐③❛t✐♦♥ ✇✐t❤ ❞❡❣r❛❞❛❜❧❡ ❝♦♣♦❧②♠❡rs ❧✐❦❡ ♣♦❧②✭▲✲❧❛❝t✐❝ ❛❝✐❞✮ ✭P▲▲❆✮ ❬✷✶✺❪
❛♥❞ P❈▲ ❬✷✶✻❪ ♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❧❛❜✐❧❡ ❣r♦✉♣s s✉❝❤ ❛s ❞✐s✉❧✜❞❡s ❬✶✾✸✱✷✶✷✱✷✶✼❪ ♦r
❤②❞r❛③♦♥❡✲t②♣❡ ❧✐♥❦❡rs ❬✷✶✽❪✳
❆❞❞✐t✐♦♥❛❧❧②✱ ❛ ❢❡✇ P❖①✲❜❛s❡❞ ♥❛♥♦✲ ❛♥❞ ♠✐❝r♦❣❡❧s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ❛♥❞
❢❛❜r✐❝❛t❡❞ ❢♦r s♣❡❝✐✜❝ ❛♣♣❧✐❝❛t✐♦♥s ❧✐❦❡ s❡♣❛r❛t✐♦♥ ♠❡t❤♦❞s✱ ❞r✉❣ ❝❛rr✐❡r ❛♥❞
❡♥❝❛♣s✉❧❛t✐♦♥ ♦❢ ❤②❞r♦♣❤✐❧✐❝ ❜✐♦♠❛❝r♦♠♦❧❡❝✉❧❡s ❬✷✵✾✱✷✶✷✱✷✶✾✕✷✷✷❪✳ ❘❡❝❡♥t❧②✱ ❲✐❡s❜r♦❝❦
❛♥❞ ❝♦✲✇♦r❦❡rs ♣✉❜❧✐s❤❡❞ ❛ ♠❡t❤♦❞ t♦ ♣r♦❞✉❝❡ P❖① ♣❛rt✐❝❧❡s ❢♦r ❝❡❧❧ ❛tt❛❝❤♠❡♥t✳
❚❤❡② ✉s❡❞ ❛ ❜❛❧❧ ♠✐❧❧ t♦ ②✐❡❧❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ♠✐❝r♦♠❡t❡r s✐③❡ ✭≈ ✷ µ♠✮ ❜② ❣r✐♥❞✐♥❣
♦❢ s✇♦❧❧❡♥ P❊t❖①✲♣♦❧②✭✷✲✾✲❞❡❝❡♥②❧✲✷✲♦①❛③♦❧✐♥❡✮ ❤②❞r♦❣❡❧ ❛♥❞ s✉❝❝❡ss❢✉❧❧② ❝✉❧t✉r❡❞
t❤❡♠ ✇✐t❤ ❞✐✛❡r❡♥t ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥
✇❛s r❛t❤❡r ❜r♦❛❞❡♥❡❞ ❛♥❞ s♣❛♥♥❡❞ ❛ ❧❛r❣❡ r❛♥❣❡ ❬✶✽✹❪✳
✷✳✷✳✸ ❇✐♦❝♦♠♣❛t✐❜✐❧✐t② ♦❢ ♣♦❧②✭✷✲♦①❛③♦❧✐♥❡✮ ♠❛t❡r✐❛❧s
❆s P❖①✲❜❛s❡❞ ♣♦❧②♠❡rs ❛r❡ ❛✐♠❡❞ ❢♦r ♠❛t❡r✐❛❧s ✐♥ ❜✐♦♠❡❞✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱ t❤❡✐r
❜✐♦❝♦♠♣❛t✐❜✐❧✐t② ❛♥❞ ❢❛t❡ ✐♥ t❤❡ ❤✉♠❛♥ ❜♦❞② ✐s ♦❢ ♠❛❥♦r ✐♠♣♦rt❛♥❝❡✱ ❡s♣❡❝✐❛❧❧②
s✐♥❝❡ t❤❡② ❛r❡ ♥♦t ❜✐♦❞❡❣r❛❞❛❜❧❡✳
■t ✇❛s s❤♦✇♥ t❤❛t P❊t❖① ♦❢ ❞✐✛❡r❡♥t ♠♦❧❛r ♠❛ss ✭✵✳✹ ✲ ✹✵ ❉❛✮ ❛r❡ ✇❡❧❧ t♦❧❡r❛t❡❞
❡✈❡♥ ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s ✐♥ s❤♦rt✲t❡r♠ tr❡❛t♠❡♥ts ✇✐t❤ ♠♦✉s❡ ✜❜r♦❜❧❛sts ❛♥❞ r❡❞
❜❧♦♦❞ ❝❡❧❧s✳ ▼♦❞❡r❛t❡ ❝②t♦t♦①✐❝ ❡✛❡❝ts ♦♥❧② ♦❝❝✉rr❡❞ ❛❢t❡r ❧♦♥❣✲t❡r♠ tr❡❛t♠❡♥t ✭✶✷ ✲
✷✹ ❤✮ ❛t ❝♦♥❝❡♥tr❛t✐♦♥s ❛❜♦✈❡ t❤❡ t❤❡r❛♣❡✉t✐❝ ❞♦s❡ ✭✽✵ ♠❣✴♠▲✮ ❬✷✷✸❪✳ ❋✉rt❤❡r♠♦r❡✱
P▼❡❖①✱ P❊t❖① ❛♥❞ ❛r②❧✐❝ P❖① ✇❡r❡ ✉s❡❞ ❢♦r tr❡❛t♠❡♥t ✇✐t❤ ✜❜r♦❜❧❛sts ❛♥❞
r❡✈❡❛❧❡❞ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❝❡❧❧ ✈✐❛❜✐❧✐t②✱ ✐♥❝r❡❛s✐♥❣ ✇✐t❤ t❤❡ ♠♦❧❛r ♠❛ss ♦❢ t❤❡ P❖①✱
❛♥❞ ❛ ❧♦✇ ✐♠♣❛❝t ♦♥ ❝❡❧❧ ❣r♦✇t❤ ❛♥❞ ♣r♦❧✐❢❡r❛t✐♦♥✳ ❙✐♠✐❧❛r✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡s❡
P❖① ♦♥ t❤❡ ✐♠♠✉♥♦❧♦❣✐❝❛❧ ❛❝t✐✈✐t② ♦❢ ♠❛❝r♦♣❤❛❣❡s ✇❛s st✉❞✐❡❞ ❛♥❞ ❞✐❞ ♥♦t ❡①❡rt
❈❍❆P❚❊❘ ✷✳ ❙❚❆❚❊ ❖❋ ❑◆❖❲▲❊❉●❊ ✷✷
❛♥② ✐♠♠✉♥♦s✉♣♣r❡ss✐✈❡ ❡✛❡❝t ♦r t♦①✐❝ ❜❡❤❛✈✐♦r ❛t ❝♦♥❝❡♥tr❛t✐♦♥s ✉♣ t♦ ✺
♠❣✴♠▲ ❬✷✷✹❪✳ ❊✈❡♥ ♠♦r❡ ❤②❞r♦♣❤♦❜✐❝ P❖① s✉❝❤ ❛s P✐Pr❖① ❛♥❞
♣♦❧②✭✷✲♥✲❜✉t②❧✲✷✲♦①❛③♦❧✐♥❡✮ ✭P♥❇✉❖①✮ s❤♦✇❡❞ ♥♦ ❛❞✈❡rs❡ ❛✛❡❝t ♦♥ t❤❡ ❣r♦✇t❤ ❛♥❞
♠♦r♣❤♦❧♦❣② ♦❢ ✜❜r♦❜❧❛sts ❛♥❞ ❡♣✐t❤❡❧✐❛❧ ❝❡❧❧s ❬✷✷✺❪✳ ❚❤❡ s❛♠❡ ❢❛✈♦r❛❜❧❡ ♣r♦♣❡rt✐❡s ❢♦r
✐♥ ✈✐tr♦ t♦①✐❝✐t② ✇❡r❡ ❢♦✉♥❞ ❢♦r ✈❛r✐♦✉s ❤♦♠♦ ❛♥❞ ❞✐✲ ❛♥❞ tr✐✲❜❧♦❝❦ ❝♦♣♦❧②♠❡rs ❬✶✺✻❪
❛s ✇❡❧❧ ❢♦r P❊t❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧s ❬✷✷✻❪ ❛♥❞ ♥❛♥♦❣❡❧s ❬✷✷✼❪✳ P❖① ✇❛s ❛❧s♦ ❢♦✉♥❞ t♦
❡①❤✐❜✐t ❛ st❡❛❧t❤ ❜❡❤❛✈✐♦r ✇❤❡♥ ❛tt❛❝❤❡❞ ♦♥ s✉r❢❛❝❡s ❬✷✷✽❪ ♦r ❣r❛❢t❡❞ t♦
❧✐♣♦s♦♠❡s ❬✷✷✾❪✳ ❍②❞r♦♣❤✐❧✐❝ P❖① ❛❧s♦ s❤♦✇ ❛♥t✐❢♦✉❧✐♥❣ ♣r♦♣❡rt✐❡s ✇❤✐❝❤ ♠❡❛♥s ♥♦
s♣❡❝✐✜❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ❜✐♦❧♦❣✐❝❛❧ ♠❛t❡r✐❛❧s ♦♥ ❜❡❤❛❧❢ ♦❢ t❤❡ ♣♦❧②♠❡r ❬✷✸✵❪✳
■♥ ✈✐✈♦ t♦①✐❝✐t② st✉❞✐❡s s❤♦✇❡❞ ♥♦ ❛❞✈❡rs❡ ❡✛❡❝ts ❢♦r P❊t❖① ♦❢ ✶✵ ❛♥❞ ✷✵ ❦❉❛ ✐♥ ❛
r❛♥❣❡ ♦❢ ✺✵✵ t♦ ✷✵✵✵ ♠❣✴❦❣ ❜♦❞② ✇❡✐❣❤t ✭r❛t✮ ❛♥❞ s❤♦✇❡❞ ♦♥❧② ❛ ❧♦✇ ❝♦♠♣❧❡♠❡♥t
❛❝t✐✈❛t✐♦♥✳ ❚❤❡ ♠❛①✐♠✉♠ t♦❧❡r❛t❡❞ ❞♦s❡ ✇❛s ❡①❛♠✐♥❡❞ t♦ ❜❡ ✷ ❣✴❦❣ ✭r❛t✱ ✐✳✈✳✮ ❬✷✸✶❪✳
▼♦r❡♦✈❡r✱ P❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧ ✐♥tr❛♦❝❝✉❧❛r tr❛♥s♣❧❛♥ts ♠❛✐♥t❛✐♥❡❞ ❢✉♥❝t✐♦♥ ❛♥❞
♠♦r♣❤♦❧♦❣② ✐♥ r❛❜❜✐t r❡t✐♥❛ ❬✷✸✷❪✳ ❚❤❡ ❧❡t❤❛❧ ❞♦s❡ ✺✵ ✭▲❉50✮ ♦❢ P❖① ✐s ❛ss✉♠❡❞ t♦ ❜❡
❤✐❣❤❡r t❤❛♥ ✹ ❣✴❦❣ ❜♦❞② ✇❡✐❣❤t ❬✷✸✸❪✱ ❡①❝❡❡❞✐♥❣ t❤❡ ▲❉50 ♦❢ s♦❞✐✉♠ ❝❤❧♦r✐❞❡ ✭✸
❣✴❦❣✮✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜✐♦❞✐str✐❜✉t✐♦♥ ❛♥❞ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ r❛❞✐♦❧❛❜❡❧❡❞ P▼❡❖① ❛♥❞
P❊t❖① ✇❡r❡ st✉❞✐❡❞✳ ●♦❞❞❛r❞ ❡t ❛❧✳ r❡♣♦rt❡❞ ❛ ✈❡r② ❢❛st ❜❧♦♦❞ ❝❧❡❛r❛♥❝❡ ❛♥❞ ♥♦
s✐❣♥✐✜❝❛♥t ❛❝❝✉♠✉❧❛t✐♦♥ ✐♥ ♦r❣❛♥s ♦t❤❡r t❤❛♥ s❦✐♥ ❛♥❞ ♠✉s❝❧❡ ❬✷✸✹❪✳ ▲❛t❡r✱
▲✉①❡♥❤♦❢❡r ❡t ❛❧✳ ❬✷✸✺❪ ❝♦♥✜r♠❡❞ t❤❡ r❡♠❛r❦❛❜❧② ❧♦✇ ✉♣t❛❦❡ ✐♥ ♦r❣❛♥s ♦❢ t❤❡
r❡t✐❝✉❧♦❡♥❞♦t❤❡❧✐❛❧ s②st❡♠ ❛♥❞ ❛ r❛♣✐❞ ❜❧♦♦❞ ❝❧❡❛r❛♥❝❡✱ ♣r❡❞♦♠✐♥❛♥t❧② ❜②
❣❧♦♠❡r✉❧❛r ✜❧tr❛t✐♦♥ ❧❡ss t❤❡♥ ✈✐❛ t❤❡ ❤❡♣❛t♦❜✐❧✐❛r② tr❛❝t✳ ■♥ ❛❞❞✐t✐♦♥✱ P❖① ❡①❤✐❜✐t
❛ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❝❤❡♠✐❝❛❧ st❛❜✐❧✐t② ❝♦♠♣❛r❡❞ t♦ P❊●✱ ♥♦✇❛❞❛②s t❤❡ ♣r❡✈❛✐❧✐♥❣
♣♦❧②♠❡r ❢♦r ❜✐♦♠❛t❡r✐❛❧s✳ ❚❤✐s r❡♥❞❡rs P❖① ❛ ♣♦t❡♥t ❝❛♥❞✐❞❛t❡ ❢♦r ❧♦♥❣ t❡r♠
❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ✐♠♣❧❛♥ts ❬✷✸✻❪✳
✸ ❆✐♠ ♦❢ t❤✐s ✇♦r❦
❆❧r❡❛❞② ✐♥ t❤❡ ✶✾✻✵s t❤❡ ✜rst s✉❝❝❡ss❢✉❧ ❝❡❧❧ t❤❡r❛♣✐❡s ✇❡r❡ r❡❛❧✐③❡❞ ✇❤❡♥ ▼❛t❤é ❛♥❞
❝♦❧❧❡❛❣✉❡s tr❛♥s♣❧❛♥t❡❞ ❜♦♥❡✲♠❛rr♦✇ ❝❡❧❧s t♦ ♣❛t✐❡♥ts ✇✐t❤ ❧❡✉❦❡♠✐❛ ❬✶✵❪ ❛♥❞
✐♥tr♦❞✉❝❡❞ ❝❡❧❧ r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ✐♥t♦ ❛❝❝❡♣t❡❞ ❝❧✐♥✐❝❛❧ t❤❡r❛♣② ❢♦r ♥✉♠❡r♦✉s
❤❡♠❛t♦❧♦❣✐❝ ❞✐s❡❛s❡s ❬✶✶❪✳ ❍♦✇❡✈❡r✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛✉t♦❧♦❣♦✉s ❝❡❧❧s r❡❝❡✐✈❡❞ ❜②
❜✐♦♣s② ♦❢ t❤❡ ♣❛t✐❡♥t ✐s ❧✐♠✐t❡❞ ❛♥❞ ❤❛✈❡ t♦ ❜❡ ❡①♣❛♥❞❡❞ ✐♥ ✈✐tr♦ t♦ s✉✣❝✐❡♥t❧②
r❡♣❧❛❝❡ ❞❛♠❛❣❡❞ ♦r❣❛♥s ♦r t✐ss✉❡s✳ ❙✐♥❝❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♠♦♥♦❧❛②❡r ❝❡❧❧ ❡①♣❛♥s✐♦♥ ✐s
✐♥❡✣❝✐❡♥t✱ t✐♠❡✲❝♦♥s✉♠✐♥❣ ❛♥❞ ❡①♣❡♥s✐✈❡✱ ✸❉ ❝✉❧t✉r❡ ♠❡t❤♦❞s ❡♠❡r❣❡❞ ❛s ❛
✈❡rs❛t✐❧❡ ❛❧t❡r♥❛t✐✈❡✳ ❚❤❡② ❝❛♥ ♣r♦✈✐❞❡ ❛ ❤✐❣❤❡r s✉r❢❛❝❡ t♦ ✈♦❧✉♠❡ r❛t✐♦ ❛♥❞
s✐♠✉❧❛t❡ ♥❛t✉r❛❧ t✐ss✉❡ ♠✉❝❤ ❜❡tt❡r t❤❛♥ ❛ ❤❛r❞✱ ♣❧❛st✐❝ ❝✉❧t✉r❡ ♣❧❛t❡ ✇❤✐❝❤ ✇❛s
s❤♦✇♥ t♦ tr✐❣❣❡r ❞❡✲❞✐✛❡r❡♥t✐❛t✐♦♥ ♦♥ st❡♠ ❝❡❧❧s✳ ❙♦❢t ♣♦❧②♠❡r✐❝ ♠✐❝r♦❜❡❛❞s ♣r♦✈✐❞❡
t❤❡ ❤✐❣❤❡st s✉r❢❛❝❡ t♦ ✈♦❧✉♠❡ r❛t✐♦ ❛♥❞ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❢♦r t❤❡ ❝✉❧t✉r❡ ♦❢
❛♥❝❤♦r❛❣❡✲❞❡♣❡♥❞❡♥t ❝❡❧❧s ✐♥ t❤❡ ✶✾✻✵s ❢♦r t❤❡ ✜rst t✐♠❡✳ ❚❤❡✐r ❣r❡❛t ♣♦t❡♥t✐❛❧ ❢♦r
❡①❝❡ss✐✈❡ ❝❡❧❧ ❡①♣❛♥s✐♦♥ ❛♥❞ ♠♦r❡♦✈❡r t❤❡✐r ♣♦t❡♥t✐❛❧ ❛s ❛ ♣r♦♠✐s✐♥❣ ❝❡❧❧ ❞❡❧✐✈❡r②
✈❡❤✐❝❧❡ ❢♦r r❡❣❡♥❡r❛t✐✈❡ ❝❡❧❧ t❤❡r❛♣② ❤❛s ❜❡❡♥ ❢r❡q✉❡♥t❧② r❡♣♦rt❡❞✳ ❚♦❞❛②✱ t❤❡r❡ ❛r❡
♣❧❡♥t② ♦❢ t②♣❡s ♦❢ ♠✐❝r♦❜❡❛❞s ❝♦♠♠❡r❝✐❛❧❧② ❛♥❞ s②♥t❤❡t✐❝❛❧❧② ❛✈❛✐❧❛❜❧❡ ✈❛r②✐♥❣ ✐♥
s✐③❡s✱ ❢✉♥❝t✐♦♥s ❛♥❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ▼❛♥② ❤❛✈❡ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤❡
❜✐♦♠❡❞✐❝❛❧ ❝♦♥t❡①t ❛♥❞ ❤❛✈❡ s❤♦✇♥ s✉♣❡r✐♦r ❢❡❛t✉r❡s t♦✇❛r❞s ❝♦♥✈❡♥t✐♦♥❛❧
str❛t❡❣✐❡s✳ ❍♦✇❡✈❡r✱ ✉♣ t♦ ❞❛t❡ t❤❡r❡ ❛r❡ ♦♥❧② ❛ ❢❡✇ ♠❛t❡r✐❛❧s ♠❛t❝❤✐♥❣ ❛❧❧ t❤❡
❝r✉❝✐❛❧ r❡q✉✐r❡♠❡♥ts s✉❝❤ ❛s ❜✐♦❝♦♠♣❛t✐❜✐❧✐t②✱ ♣♦t❡♥t✐❛❧ ❜✐♦❞❡❣r❛❞❛❜✐❧✐t② ❛♥❞
t❛✐❧♦r✲♠❛❞❡ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❙♦ ❢❛r✱ P❊●✲❜❛s❡❞ ♠❛t❡r✐❛❧s s❡❡♠ t♦ ❜❡ t❤❡
♠♦st ❛♣♣r♦♣r✐❛t❡ ♦♥❡s ✐♥ t❤✐s r❡s♣❡❝t ❛♥❞ ❛r❡ ✇✐❞❡❧② ✉s❡❞ ❢♦r ❜✐♦♠❡❞✐❝❛❧
❛♣♣❧✐❝❛t✐♦♥s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ♠♦r❡ ❛♥❞ ♠♦r❡ ❛❞✈❡rs❡ ♣r♦♣❡rt✐❡s ♦❢ P❊●✲♠❛t❡r✐❛❧s
❛r❡ r❡♣♦rt❡❞✳ ❘❡❝❡♥t❧②✱ s❡✈❡r❛❧ r❡♣♦rts r❡✈❡❛❧❡❞ t❤❛t ✉♥❞❡r ❝❡rt❛✐♥ ❝♦♥❞✐t✐♦♥s P❊●
❛♥❞ P❊●✲❝♦♥t❛✐♥✐♥❣ ♣♦❧②♠❡rs ❝❛♥ ❡❧✐❝✐t s✐❣♥✐✜❝❛♥t ❝♦♠♣❧❡♠❡♥t ❛❝t✐✈❛t✐♦♥ ❬✷✸✼✱✷✸✽❪✳
▼♦r❡♦✈❡r✱ ✐t ✇❛s s❤♦✇♥ t❤❛t P❊● ❛s ❛ ♣♦❧②✭❡t❤❡r✮ ✉♥❞❡r❣♦❡s ♣❡r♦①✐❞❛t✐♦♥ ✇❤✐❝❤
❝❛♥ ❛✛❡❝t ❜✐♦❛❝t✐✈❡s✱ ❝❡❧❧s ❛♥❞ t✐ss✉❡s ✐♥ ✈❛r✐♦✉s ✇❛②s ❬✷✸✾❪✳ ❇❡s✐❞❡s✱ ❛❢t❡r r❡♣❡❛t❡❞
✐♥❥❡❝t✐♦♥ ♦❢ P❊●②❧❛t❡❞ ♥❛♥♦♣❛rt✐❝❧❡s✱ s✉❝❤ ❛s st❛❜✐❧✐③❡❞ P❊●②❧❛t❡❞ ❧✐♣♦s♦♠❡s✱ ❢♦r
❞r✉❣ ❞❡❧✐✈❡r②✱ ❛♥ ❛♥t✐✲P❊● ✐♠♠✉♥♦❣❧♦❜✉❧✐♥ ▼ ✭■❣▼✮ r❡s♣♦♥s❡ ✇❛s ✐♥❞✉❝❡❞✳ ❚❤✐s
❧❡❛❞s t♦ ❛♥ ❛❝❝❡❧❡r❛t❡❞ ❜❧♦♦❞ ❝❧❡❛r❛♥❝❡ ✈✐❛ t❤❡ ❧✐✈❡r ❜❡❝❛✉s❡ ♦❢ ❛♥t✐✲P❊● ❛♥t✐❜♦❞✐❡s
✇❤✐❝❤ ✇❡r❡ ❢♦r♠❡❞✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛❧❧❡❞ t❤❡ ✧❆❇❈ ❡✛❡❝t✧ ❛♥❞ ✐s ✐♥
❝♦♥tr❛❞✐❝t✐♦♥ t♦ t❤❡ ✐♥t❡♥❞❡❞ ✐♠♣r♦✈❡❞ ♣❤❛r♠❛❝♦❦✐♥❡t✐❝s ♦❢ P❊●②❧❛t❡❞ t❤❡r❛♣❡✉t✐❝
❝♦♠♣♦✉♥❞s ❬✷✹✵❪✳
✷✸
❈❍❆P❚❊❘ ✸✳ ❆■▼ ❖❋ ❚❍■❙ ❲❖❘❑ ✷✹
❚❤❡ ❛✐♠ ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ ❝r❡❛t❡ ❤②❞r♦❣❡❧s ❛♥❞ ♠✐❝r♦❜❡❛❞s ❜❛s❡❞ ♦♥ P❖① ❛s ❛♥
✐♥tr✐❣✉✐♥❣ ❛❧t❡r♥❛t✐✈❡ t♦ ❡①✐st✐♥❣ P❊●✲❜❛s❡❞ ♠❛t❡r✐❛❧s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ❛ s❡r✐❡s ♦❢
P❖① ♠❛❝r♦♠♦♥♦♠❡rs ♦❢ ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t② ❛r❡ ♥❡❡❞❡❞ t♦
r❡❛❧✐③❡ ❛ ❤✐❣❤❧② ♠♦❞✉❧❛r ❛♥❞ t✉♥❛❜❧❡ s②st❡♠ ❛s ❛ ❜❛s❡ ❢♦r ♠❛t❡r✐❛❧ ❞❡✈❡❧♦♣♠❡♥t✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❡✐t❤❡r ❞❡❣r❛❞❛t✐♦♥ s✐t❡s ✇✐t❤✐♥ t❤❡ ♣♦❧②♠❡r ♦r t❤❡
✉s❡ ♦❢ ❡♥❞❣r♦✉♣s t❤❛t ❢♦r♠ ❧❛❜✐❧❡ ♠❛t❡r✐❛❧s ❛r❡ ❞❡s✐r❡❞✳ ❲✐t❤ t❤❡s❡ ✇❡❧❧✲❞❡✜♥❡❞
P❖① ❝r♦ss❧✐♥❦❡rs✱ ❤②❞r♦❣❡❧ ♠❛t❡r✐❛❧s ✇✐t❤ t❛✐❧♦r✲♠❛❞❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❝❛♥ ❜❡
❢❛❜r✐❝❛t❡❞ ❛♥❞ ✜♥❡✲t✉♥❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❤♦✐❝❡ ♦❢ ❝♦✲♠♦♥♦♠❡rs
✐♥ t❤❡ ❣❡❧❛t✐♦♥ ♣r♦❝❡ss✳ ▼❛❥♦r ♦❜❥❡❝t✐✈❡ ✇✐❧❧ ❜❡ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡
❤②❞r♦❣❡❧ t♦ ♠✐❝r♦❜❡❛❞ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ t❤❡✐r ❛ss❡ss♠❡♥t ✇✐t❤ r❡s♣❡❝t t♦ s✐③❡ ❛♥❞
s✐③❡ ❞✐str✐❜✉t✐♦♥✱ ❡❧❛st✐❝ ♣r♦♣❡rt②✱ ❞❡❣r❛❞❛t✐♦♥ ❜❡❤❛✈✐♦r ❛♥❞ ❝❡❧❧✉❧❛r ✐♥t❡r❛❝t✐♦♥✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❡✛❡❝t ♦❢ ❝♦❛t✐♥❣s ♦♥ t❤❡ ♠✐❝r♦❜❡❛❞s t♦ ♣r♦♠♦t❡ ❝❡❧❧ ❛tt❛❝❤♠❡♥t
✇✐❧❧ ❜❡ ♦❢ ✐♥t❡r❡st✳
❙♦✱ t❤✐s ✇♦r❦ s♣❛♥s ❢r♦♠ ♦r❣❛♥✐❝ s②♥t❤❡s✐s ♦❢ s✉✐t❛❜❧❡✱ r❡❛❝t✐✈❡ ♠♦❧❡❝✉❧❡s✱ t♦
♣♦❧②♠❡r s②♥t❤❡s✐s✱ t♦ ❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥✱ ✉♣ t♦ ❛♥ ♦♣t✐♠✐③❡❞ ♠✐❝r♦❜❡❛❞
♣r❡♣❛r❛t✐♦♥✳
✹ ❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥
✹✳✶ P♦❧②♠❡r s②♥t❤❡s✐s
❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♣♦ss✐❜✐❧✐t✐❡s t♦ s②♥t❤❡s✐③❡ P❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧s ✉s✐♥❣ ❡✐t❤❡r ❝❤❡♠✐❝❛❧
♦r ♣❤②s✐❝❛❧ ❝r♦ss❧✐♥❦✐♥❣ ♠❡t❤♦❞s ❛s ✐♥t❡♥s✐✈❡❧② r❡✈✐❡✇❡❞ ❜② ❑❡❧❧② ❛♥❞ ❲✐❡s❜r♦❝❦ ❬✷✹✶❪✳
❋♦❧❧♦✇✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ r♦✉t❡✱ ♠✉❧t✐❢✉♥❝t✐♦♥❛❧ ✐♥✐t✐❛t♦r s②st❡♠s ❛♥❞ ♣♦❧②♠❡r ❛♥❛❧♦❣❡
♠♦❞✐✜❝❛t✐♦♥s ✇❡r❡ ✉s❡❞ ❢♦r ❝r♦ss❧✐♥❦✐♥❣✳ ❚❤❡ s②♥t❤❡s✐③❡❞ ♣♦❧②♠❡rs ✇❡r❡ t❤❡r❡❢♦r❡
✉t✐❧✐③❡❞ ❛s t❡❧❡❝❤❡❧✐❝ ❝r♦ss❧✐♥❦❡rs✳
✹✳✶✳✶ ■♥✐t✐❛t♦r s②♥t❤❡s✐s ❛♥❞ ❦✐♥❡t✐❝ ✐♥✈❡st✐❣❛t✐♦♥
❘❡❢❡rr✐♥❣ t♦ ❈❤r✐st♦✈❛ ❡t ❛❧✳ ❬✶✽✺✱✷✹✷❪✱ t❤❡ ❢r❡q✉❡♥t❧② ✉s❡❞ ❛♥❞ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡
tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦✲❜✉t✲✷✲❡♥❡ ✭■✹✮ ✇❛s ✉t✐❧✐③❡❞ ❛s ✐♥✐t✐❛t♦r t♦ ♦❜t❛✐♥
α✱ω✲❢✉♥❝t✐♦♥❛❧✐③❡❞ P❖① ❝r♦ss❧✐♥❦❡rs ❢♦r ❤②❞r♦❣❡❧ s②♥t❤❡s✐s ❬✶✽✻✱✷✹✶❪✳ ■t ✐s ✇❡❧❧ ❦♥♦✇♥
t♦ ♣r♦❞✉❝❡ ❤✐❣❤ ②✐❡❧❞s ♦❢ t❡❧❡❝❤❡❧✐❝ P❖① ✇✐t❤ ❧♦✇ ❞✐s♣❡rs✐t✐❡s ❛♥❞ ❤✐❣❤ ❞❡❣r❡❡s ♦❢
❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ❢♦r ❤②❞r♦♣❤✐❧✐❝ ♠♦♥♦♠❡rs ❬✷✹✸❪✳ ■♥ ♦r❞❡r t♦ ♠♦❞✐❢② t❤❡ ♥❡t✇♦r❦
str✉❝t✉r❡ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❤②❞r♦❣❡❧s ❛♥❞ ❤❡♥❝❡ t❤❡✐r ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✱ st❛r✲❧✐❦❡
P❖① ✇❤❡r❡ s②♥t❤❡s✐③❡❞ ✉s✐♥❣ ❛ ❢♦✉r✲❛r♠❡❞ ✐♥✐t✐❛t♦r✳ ■♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ♥✉♠❡r♦✉s
r❡♣♦rts ❛r❡ ❞❡s❝r✐❜✐♥❣ ❞✐✛❡r❡♥t ✐♥✐t✐❛t♦r s②st❡♠s ❬✷✹✸✱✷✹✹❪✱ ❜✉t ▲✉①❡♥❤♦❢❡r ❡t ❛❧✳ ❬✶✼✸❪
❡♠♣❤❛s✐③❡❞ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ♣❧✉r✐tr✐✢❛t❡ ✐♥✐t✐❛t♦rs ❢♦r P❖① s②♥t❤❡s✐s✳ ❚❤❡r❡❢♦r❡✱
♣❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮ ✇❛s s②♥t❤❡s✐③❡❞ ✇✐t❤ ❤✐❣❤ ②✐❡❧❞s ♦❢ ✽✼✳✻✹✪✱
❢♦❧❧♦✇✐♥❣ t❤❡ ♣r♦❝❡❞✉r❡ ♦❢ ▼❡♥❣❡r ❡t ❛❧✳ ❬✷✹✺❪ ✇✐t❤ t❤❡ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ r❡♣❧❛❝✐♥❣
❜❡♥③❡♥❡ ✇✐t❤ t♦❧✉❡♥❡ ❞✉❡ t♦ ❤❛③❛r❞ ❝♦♥❝❡r♥s✳ ❚❤❡ ♣r♦❞✉❝t s❤♦✇❡❞ ❤✐❣❤ ♣✉r✐t② ✐♥
♣r♦t♦♥ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✭1❍✲◆▼❘✮ s♣❡❝tr♦s❝♦♣② ❛s ✇❡❧❧ ❛s ❝❛r❜♦♥
♥✉❝❧❡❛r ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✭13❈✲◆▼❘✮ s♣❡❝tr♦s❝♦♣② ❛♥❞ ❛ r❡♠❛r❦❛❜❧② ❤✐❣❤ ♠❡❧t✐♥❣
♣♦✐♥t ♦❢ ✶✻✾◦❈✱ ✇❤✐❝❤ ✐s ✸ ✲ ✹◦❈ ❤✐❣❤❡r ❛s t❤❡ ❣✐✈❡♥ ✈❛❧✉❡ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❚♦
✐♥tr♦❞✉❝❡ ❛ ❝❧❡❛✈❛❜❧❡ ❜♦♥❞ ❛♥❞ ♦❜t❛✐♥ ❞❡❣r❛❞❛❜❧❡ ❤②❞r♦❣❡❧s✱ ❞✐✛❡r❡♥t str❛t❡❣✐❡s
❤❛✈❡ ❜❡❡♥ t❡st❡❞✳ ❆t ✜rst✱ ❜✐s✭✷✲tr✐✢❛t❡ ❡t❤②❧✮❞✐s✉❧✜❞❡ ✇❛s s②♥t❤❡s✐③❡❞ ❢r♦♠
✷✲❤②❞r♦①②❡t❤②❧ ❞✐s✉❧✜❞❡ ❛♥❞ tr✐✢✐❝ ❛♥❤②❞r✐❞❡ ❜✉t t❤✐s ✇❛s ♥♦t s✉❝❝❡ss❢✉❧✳ ❚❤❡ ❜❧❛❝❦✱
♦✐❧② ♣r♦❞✉❝t ❣❛✈❡ ♥♦ ♣♦❧②♠❡r ❛♥❞ ❤❛s ♥♦t ❜❡❡♥ ✉s❡❞ ❢♦r ❢✉rt❤❡r st✉❞✐❡s✳ ❚❤✐s ✇❛s
♠♦st ♣r♦❜❛❜❧② ❞✉❡ t♦ t❤❡ ❤✐❣❤ r❡❛❝t✐✈✐t② ♦❢ tr✐✢✐❝ ❛♥❤②❞r✐❞❡ ❛♥❞ t❤❡ ❧♦✇ st❛❜✐❧✐t② ♦❢
tr✐✢❛t❡s ❛❣❛✐♥st ✐♠♣✉r✐t✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠♦r❡ ♠♦❞❡r❛t❡ ♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧ ❝❤❧♦r✐❞❡
❤❛s ❜❡❡♥ ✉s❡❞ t♦ s②♥t❤❡s✐③❡ ❜✐s✭✷✲✭♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧✮❡t❤②❧✮ ❞✐s✉❧✜❞❡ ✭■✷✮ ❛❢t❡r ❛
✷✺
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✷✻
♣r♦❝❡❞✉r❡ ♦❢ ❲❛♥❣ ❡t ❛❧✳ ❬✷✹✻❪ ✇✐t❤ s❧✐❣❤t ♠♦❞✐✜❝❛t✐♦♥s ❜② ❛❞❞✐♥❣ ❛ r❡❝r②st❛❧❧✐③❛t✐♦♥
❢r♦♠ ♣❡tr♦❧ ❡t❤❡r✳ ❆ ❝♦❧♦r❧❡ss ♣♦✇❞❡r ✇❛s ♦❜t❛✐♥❡❞ ✐♥ ❣♦♦❞ ②✐❡❧❞s ❜✉t ✇✐t❤ ♠✐♥♦r
tr❛❝❡s ♦❢ ♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧ ❝❤❧♦r✐❞❡ ❡✈❡♥ ❛❢t❡r t❤r❡❡ t✐♠❡s r❡❝r②st❛❧❧✐③❛t✐♦♥✱ ✇❤✐❝❤
♠❛② ❡①♣❧❛✐♥s t❤❡ s❧✐❣❤t❧② ❧♦✇❡r ♠❡❧t✐♥❣ ♣♦✐♥t ♦❢ ✻✼✳✼ ✲ ✻✽✳✺◦❈ ✭❧✐t✳✿ ✻✾◦❈✮✳ ❆♥♦t❤❡r
✇❛② t♦ ✐♥tr♦❞✉❝❡ ❢✉♥❝t✐♦♥❛❧ ❣r♦✉♣s ✇✐t❤✐♥ t❤❡ ♣♦❧②♠❡r ✇❛s r❡❛❧✐③❡❞ ❜② ❛❧❦②♥❡✲❛③✐❞❡
❝❧✐❝❦ ❝❤❡♠✐str② ✇❤❡r❡ ❛t ✜rst ❛♥ ❛❧❦②♥❡✲❜❡❛r✐♥❣ ✐♥✐t✐❛t♦r ✇❛s ✉s❡❞ ❢♦r
♣♦❧②♠❡r✐③❛t✐♦♥✳ ❙✉❜s❡q✉❡♥t❧②✱ t❤❡ ♣♦❧②♠❡r ✇❛s ❝♦✉♣❧❡❞ ✇✐t❤ ❛♥ α✱ω✲❞✐❛③✐❞❡ ❧✐♥❦❡r
✈✐❛ ❝♦♣♣❡r ❝❛t❛❧②③❡❞ ❝②❝❧♦❛❞❞✐t✐♦♥✳ ❍❡r❡✱ ♣r♦♣❛r❣②❧ t♦s②❧❛t❡ ✭■✸✮ ✇❛s ✉s❡❞ ✇❤✐❝❤ ✐s
❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❛♥❞ ✇❡❧❧ ❦♥♦✇♥ t♦ ✇♦r❦ ♣r♦♣❡r❧② ❢♦r P❖① s②♥t❤❡s✐s ❬✷✹✼❪ ❛❢t❡r
♣✉r✐✜❝❛t✐♦♥ ❜② ❞✐st✐❧❧❛t✐♦♥ ✉♥❞❡r r❡❞✉❝❡❞ ♣r❡ss✉r❡✳ ❚❤❡ ❛♣♣r♦❛❝❤❡s ❢♦r ✐♥✐t✐❛t♦r
s②♥t❤❡s✐s ✉s❡❞ ✐♥ t❤✐s st✉❞② ❛s ✇❡❧❧ ❛s t❤❡ ♣✉r❝❤❛s❡❞ ✐♥✐t✐❛t♦rs ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥
❋✐❣✉r❡ ✹✳✶✳ ❆❧❧ ✐♥✐t✐❛t♦rs ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ ♦♥✲❧✐♥❡ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤② t♦
OH
OH
OH
HO
pyridine
4.8 eq Tf2O
O
O
O
OSF3C
O
O
S
CF3
OO
S
O
O
CF3
S
CF3
OO
S S OHHO
3 eq TsCl
NEt3
S S OOS
O
O
S
O
O
I1
I2
S S OHHO
pyridine
3 eq Tf2O
S S OO S
O
O
CF3SF3C
O
O
O S
O
O
Br
Br
I3 I4
87.64 %
40.64 %
❋✐❣✉r❡ ✹✳✶✿ ❘❡❛❝t✐♦♥ s❝❤❡♠❡ ❢♦r s②♥t❤❡s✐s ♦❢ ♣❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮✱ ❜✐s✭✷✲
tr✐✢❛t❡ ❡t❤②❧✮❞✐s✉❧✜❞❡ ✭♥♦t s✉❝❝❡ss❢✉❧✮✱ ❛♥❞ ❜✐s✭✷✲✭♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧✮❡t❤②❧✮ ❞✐s✉❧✜❞❡ ✭■✷✮ ❛s
✇❡❧❧ ❛s t❤❡ str✉❝t✉r❡s ♦❢ ♣r♦♣❛r❣②❧ t♦s②❧❛t❡ ✭■✸✮ ❛♥❞ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦✲❜✉t✲✷✲❡♥❡ ✭■✹✮✳
r❡✈❡❛❧ t❤❡✐r ♣♦❧②♠❡r✐③❛t✐♦♥ ❦✐♥❡t✐❝s✳ ❖♥ ♦♥❡ ❤❛♥❞ t♦ ♣r♦✈❡ t❤❡ ❧✐✈✐♥❣ ❝❤❛r❛❝t❡r ♦❢
t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡✐r ♣✉r✐t②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡
❦✐♥❡t✐❝ ♣r♦♣❛❣❛t✐♦♥ ❝♦♥st❛♥ts ❢♦r ❛ ❣✐✈❡♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ t♦ ❛❞❥✉st
t❤❡ r❡s♣❡❝t✐✈❡ r❡❛❝t✐♦♥ t✐♠❡s ❛✈♦✐❞✐♥❣ s✐❞❡✲r❡❛❝t✐♦♥s ❛♥❞ ✇❛st❡ ♦❢ t✐♠❡✳ ❚❤❡
❛♣♣❛r❡♥t ♣r♦♣❛❣❛t✐♦♥ r❛t❡ ❢♦r t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ✭❦appP ✮ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜②
❡q✉❛t✐♦♥ ✹✳✶ ✇❤✐❝❤ ❡①♣r❡ss❡s ❛ s❡❝♦♥❞ ♦r❞❡r ❦✐♥❡t✐❝✱ ✇❤❡r❡ t❤❡ ♠♦♥♦♠❡r
❝♦♥s✉♠♣t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ r❛t❡✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❛❝t✐✈❡ ❝❤❛✐♥
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✷✼
❚❛❜❧❡ ✹✳✶✿ ❊✛❡❝t✐✈❡ ♣r♦♣❛❣❛t✐♦♥ r❛t❡s ♦❢ ❛❧❧ ✐♥✐t✐❛t♦rs ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✐♥ ❞❡♣❡♥❞❛♥❝❡ ♦❢
t❡♠♣❡r❛t✉r❡✱ ✐♥✐t✐❛❧ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞ ✐♥✐t✐❛t♦r ❝♦♥❝❡♥tr❛t✐♦♥✳
■♥✐t✐❛t♦r ▼0 ❬▼❪ ■ ❬♠▼❪ ❚ ❬
◦❈❪ ❦appP ❬
L
mmol·s
❪ ❦app,fP ❬
L
mmol·s
❪
▼❡❖❚❢ 0.68 0.8 85 6.4 6.4
■✶ 0.69 0.8 85 21.5 5.4
▼❡❖❚s 0.68 0.8 85 6.6 6.6
■✷ 0.68 0.8 85 17.6 8.8
■✸ 2.9 3.1 70 1.4 1.4
■✹ 2.9 3.1 70 2.1 1.06
❡♥❞s ❬P∗❪ ❛♥❞ t❤❡ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥ ❬▼❪✳
−
d[M ]
dt
= kappP [P
∗][M ] ✭✹✳✶✮
❆ss✉♠✐♥❣ ❛ ❢❛st ❛♥❞ q✉❛♥t✐t❛t✐✈❡ ✐♥✐t✐❛t✐♦♥✱ ❬P∗❪ ❡q✉❛❧s ❬■❪0 ❛♥❞ ✐s ❝♦♥st❛♥t t❤r♦✉❣❤♦✉t
t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥✱ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ ♣s❡✉❞♦ ✜rst ♦r❞❡r ❦✐♥❡t✐❝ ✭❡q✉❛t✐♦♥ ✹✳✷✮✳
−
d[M ]
dt
= kappP [I]0[M ] ✭✹✳✷✮
❆❢t❡r ✐♥t❡❣r❛t✐♦♥ ✭❡q✉❛t✐♦♥ ✹✳✸✮✱ ❧♥ [M ]0
[M ]t
✈s✳ t s❤♦✉❧❞ ❜❡ ❧✐♥❡❛r ❢♦r ❛ ❧✐✈✐♥❣ ♣♦❧②♠❡r✐③❛✲
t✐♦♥✳
ln
(
[M ]0
[M ]t
)
= kappP [I]0t ✭✹✳✸✮
❚❤❡ ❛♣♣❛r❡♥t ♣r♦♣❛❣❛t✐♦♥ r❛t❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ s❧♦♣❡ ❦appP ❬■❪0 ✇❤❡r❡❛s ❛
st❡❡♣❡r s❧♦♣❡ ♠❡❛♥s ❛ ❤✐❣❤❡r ♣r♦♣❛❣❛t✐♦♥ r❛t❡✳ ■t ❤❛s t♦ ❜❡ ♠❡♥t✐♦♥❡❞✱ t❤❛t ❞✐✛❡r❡♥t
❝♦✉♥t❡r ✐♦♥s✱ ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ❛♥❞ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥s ✇❡r❡ ✉s❡❞ ❛❝❝♦r❞✐♥❣
t♦ ❧✐t❡r❛t✉r❡ ❛♥❞ ♦♥❧② t❤❡ ❡q✉❛❧❧② tr❡❛t❡❞ ❡①❛♠♣❧❡s ✭s❛♠❡ ❚✱ ❬▼❪0 ❛♥❞ ♠♦♥♦♠❡r✮ ❝❛♥
❜❡ ❝♦♠♣❛r❡❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷ ❛s ✜rst ♦r❞❡r ❦✐♥❡t✐❝ ♣❧♦ts ❛♥❞ ❛ ♣❧♦t
♦❢ ♠♦♥♦♠❡r ❝♦♥s✉♠♣t✐♦♥ ♦✈❡r t✐♠❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❧❧ ✐♥✐t✐❛t♦rs s❤♦✇ ❤✐❣❤ ❝♦♥✈❡rs✐♦♥
♦❢ ✾✵✪ ♦r ❤✐❣❤❡r ❛♥❞ ❧✐♥❡❛r ❦✐♥❡t✐❝ ♣❧♦ts ✇❤✐❝❤ t❡st✐✜❡s t❤❡✐r ♣✉r✐t②✱ ♦r ♠❡r❡❧② t❤❡
❛❜s❡♥❝❡ ♦❢ t❡r♠✐♥❛t✐♥❣ ✐♠♣✉r✐t✐❡s✳ ❚❤✐s ♣r♦✈❡s t❤❡♠ ❛♣♣❧✐❝❛❜❧❡ ❢♦r s②♥t❤❡s✐s ♦❢ ✇❡❧❧✲
❞❡✜♥❡❞ P❖① ✇✐t❤ ❤✐❣❤ ②✐❡❧❞s ❛♥❞ ❤✐❣❤ ❢✉♥❝t✐♦♥❛❧✐t②✳ ❚❛❜❧❡ ✹✳✶ ❧✐sts t❤❡ ❡✛❡❝t✐✈❡
♣r♦♣❛❣❛t✐♦♥ r❛t❡ r❡❢❡rr❡❞ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥✐t✐❛t✐♦♥ ❣r♦✉♣s ✇✐t❤✐♥ t❤❡ ✐♥✐t✐❛t♦r ✭❢✮ ✐♥
❞❡♣❡♥❞❛♥❝❡ ♦❢ ♠♦♥♦♠❡r ❛♥❞ ✐♥✐t✐❛t♦r ❝♦♥❝❡♥tr❛t✐♦♥ ❛s ✇❡❧❧ ❛s r❡❛❝t✐♦♥ t❡♠♣❡r❛t✉r❡✳
❚❤❡ ❦appP ✈❛❧✉❡ ✇❛s ❞❡t❡r♠✐♥❡❞ t♦ ❜❡ ✻✳✹
L
mmol·s
❢♦r ▼❡❖❚❢ ❛♥❞ ✷✶✳✺ L
mmol·s
❢♦r t❤❡ st❛r✲
✐♥✐t✐❛t♦r✱ ✇❤✐❝❤ ✐s r♦✉❣❤❧② ✹ t✐♠❡s ❤✐❣❤❡r✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ ❛❧♠♦st
❛❧❧ ❢♦✉r ❛r♠s ♦❢ ■✶ ❛♥❞ t❤❡r❡❢♦r❡ ❛ s✉❝❝❡ss❢✉❧ s②♥t❤❡s✐s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❦appP ✈❛❧✉❡s
❛r❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ✈❛❧✉❡s ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❬✶✼✸❪ ❛t s❛♠❡ ❝♦♥❞✐t✐♦♥s ♦❢ ✺✳✶✻ ❛♥❞


❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✸✵
❚❛❜❧❡ ✹✳✷✿ ❉❡t❡r♠✐♥❡❞ ♠♦❧❛r ♠❛ss❡s ✭▼❆▲❉■✲❚♦❋ ▼❙✮✱ ❞❡❣r❡❡s ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ✭1❍✲
◆▼❘✮ ❛s ✇❡❧❧ ❛s ❝♦rr❡s♣♦♥❞✐♥❣ ❞✐s♣❡rs✐t✐❡s ❛♥❞ ❡❧✉t✐♦♥ t✐♠❡s ✭●P❈✮ ♦❢ ●P❈ ❝❛❧✐❜r❛t✐♦♥
st❛♥❞❛r❞s✳
P♦❧②♠❡r ♥a ▼bp ❬❣✴♠♦❧❪ Ð
c ❊❧✉t✐♦♥ t✐♠❡c ❬♠✐♥❪
❙✶ P▼❡❖①10 9 928 ✶✳✶✹ 20.11
❙✷ P▼❡❖①20 19 1817 ✶✳✵✽ 18.85
❙✸ P▼❡❖①30 27 2481 ✶✳✶✺ 18.1
❙✹ P▼❡❖①50 50 4449 ✶✳✶✺ 17.27
❙✺ P▼❡❖①100 93 8023 ✶✳✶✸ 16.17
❙✻ P▼❡❖①200 200 16 517 ✶✳✷✹ 14.99
a ❉❡t❡r♠✐♥❡❞ ❜② 1❍✲◆▼❘ ❡♥❞ ❣r♦✉♣ ❛♥❛❧②s✐s
b ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
c ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
❋✐rst✱ ■✶ ❛♥❞ ■✹ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ t♦ ❝r❡❛t❡ ♣♦❧②♠❡r ❝r♦ss❧✐♥❦❡rs ❛s ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✉r❡
✹✳✺ ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ♥♦♥✲❞❡❣r❛❞❛❜❧❡ ❛♥❞ ❤✐❣❤❧② s✇♦❧❧❡♥ ❤②❞r♦❣❡❧s✳ ❚❤❡r❡❢♦r❡✱
♠❛✐♥❧② ✷✲♠❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡ ✭▼❡❖①✮ ✇❛s ✉s❡❞ ❛s ♠♦♥♦♠❡r✳ ❚♦ ❢♦r♠ s✇✐t❝❤❛❜❧❡
❤②❞r♦❣❡❧s✱ t❤❡ ♠♦♥♦♠❡r ✷✲✐s♦✲♣r♦♣②❧✲✷✲♦①❛③♦❧✐♥❡ ✭✐Pr❖①✮ ✇❛s ✉s❡❞ ✐♥st❡❛❞ ♦❢ ▼❡❖①
❢♦r t❤❡ ❝r♦ss❧✐♥❦❡r s②♥t❤❡s✐s✳ ❉✉❡ t♦ ✐ts ▲❈❙❚✱ P✐Pr❖① ✉♥❞❡r❣♦❡s ❛ ♣❤❛s❡✲tr❛♥s✐t✐♦♥
✇❤❡♥ ❤❡❛t❡❞ ❛❜♦✈❡ t❤❡ ▲❈❙❚ t❡♠♣❡r❛t✉r❡ ❛♥❞ s✇✐t❝❤ ❢r♦♠ ❤②❞r♦♣❤✐❧✐❝ t♦
❤②❞r♦♣❤♦❜✐❝✳ ■♥❝♦r♣♦r❛t❡❞ ✐♥t♦ ❛ ❤②❞r♦❣❡❧ ♥❡t✇♦r❦✱ P✐Pr❖① ❝❛✉s❡s ❛ s✇❡❧❧✐♥❣ ❛♥❞
❞❡s✇❡❧❧✐♥❣ ✇❤❡♥ t❤❡ ▲❈❙❚ t❡♠♣❡r❛t✉r❡ ✐s ♣❛ss❡❞ ❬✷✺✵❪✱ ❜❡st ❦♥♦✇♥ ❢♦r
P◆✐P❆❆♠✲P❖① ❝♦♣♦❧②♠❡rs ❬✷✵✾❪✱ ✇❤✐❝❤ ✐s ✐♥t❡r❡st✐♥❣ ❢♦r ♥✉♠❡r♦✉s ❛♣♣❧✐❝❛t✐♦♥s✳
❋✉rt❤❡r♠♦r❡✱ P✐Pr❖① s❤♦✇s ❛ ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦r t♦ ▼❡❖① t♦✇❛r❞s ♣r♦t❡✐♥
❛❞s♦r♣t✐♦♥ ❛♥❞ ❝❡❧❧ ❛tt❛❝❤♠❡♥t ❬✷✺✶❪✱ ❛s t❤✐s ✐s ❛ ♠❛❥♦r ✐ss✉❡ ✐♥ t❤✐s ✇♦r❦✳ ❚❤❡
❛♥❛❧②t✐❝❛❧ ❞❛t❛ ♦❢ ♣♦❧②♠❡r ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❢♦r ♥♦♥✲❞❡❣r❛❞❛❜❧❡ ♣♦❧②♠❡rs ❛r❡
s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✸✳
N
O
Nu
n
N
R1
R1
Nu
n
O
Br
Br
N O
R1
+ ACN
1. HNu, TEA
2. K2CO3
2 n
N O
R1
+ ACN
1. HNu, TEA
2. K2CO3
4 n
O
O
O
O
S
S
S
S
F3C
O
O
CF3
OO
CF3
O
O
CF3
OO
N
O
Nu
n
R1
4
(a)
(b)
❋✐❣✉r❡ ✹✳✺✿ ●❡♥❡r❛❧ s②♥t❤❡t✐❝ r♦✉t❡ ❢♦r ✭❛✮ ❜✐s✲❢✉♥❝t✐♦♥❛❧✱ ♥♦♥✲❞❡❣r❛❞❛❜❧❡ ❛♥❞ ✭❜✮ st❛r✲❧✐❦❡
P❖① ✇✐t❤ ✈❛r✐♦✉s ❝❤❛✐♥ ❧❡♥❣t❤ ✭♥✮✱ ♠♦♥♦♠❡rs ✭❘1✮ ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t② ✭◆✉✮✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✸✶
❚❛❜❧❡ ✹✳✸✿ ❆♥❛❧②t✐❝❛❧ ❞❛t❛ ♦❢ ♥♦♥✲❞❡❣r❛❞❛❜❧❡ P❖① ♣r❡♣❛r❡❞ ✐♥ t❤✐s ✇♦r❦✳
P♦❧②♠❡r ■♥✐t✐❛t♦r ▼an,calc ♥
b ▼cn Ð
c ▼dp
❬❣✴♠♦❧❪ ❬❣✴♠♦❧❪ ❬❣✴♠♦❧❪
P✸ P▼❡❖①10✲❉▼❆ ■✹ 1075.2 5 1050 1.19 ✶✷✹✼
P✹ P▼❡❖①30✲❉▼❆ ■✹ 2777.3 15 2860 1.13 ✸✵✼✹
P✺ P✐Pr❖①10✲❉▼❆ ■✹ 1345.7 5 1450 1.19 ✶✸✸✶
P✻ P✐Pr❖①30✲❉▼❆ ■✹ 3588.7 14 3870 1.2 ✸✺✺✹
P✼ P▼❡❖①10✲❉❚❆❝ ■✹ 1054.3 5 1079 1.27 ✶✵✵✻
P✽ P▼❡❖①20✲❉❚❆❝ ■✹ 1905.4 9 1770 1.16 ✶✽✸✹
P✾ P▼❡❖①30✲❉❚❆❝ ■✹ 2756.5 15 2848 1.2 ✷✼✸✹
P✶✵ P▼❡❖①50✲❉❚❆❝ ■✹ 4459.5 20 2360 1.34 ✸✵✸✷
P✶✶ P▼❡❖①100✲❉❚❆❝ ■✹ 8714.7 41 6165 1.28 ✺✽✸✹
P✶✷ P✐Pr❖①30✲❉❚❆❝ ■✹ 3568.8 14 3411 1.08 ✸✷✼✼
P✶✸ P▼❡❖①30✲❉❋▼ ■✹ 2935.1 12 1798 1.21 ✶✼✹✶
P✶✹ P▼❡❖①100✲❉❋▼ ■✹ 8892.8 49 8934 1.24 ✽✽✽✸
P✶✺ P▼❡❖①30✲❉❆③ ■✹ 2637.3 14 2356 1.25 ✷✷✷✾
P✶✻ P▼❡❖①30✲❉❆❆ ■✹ 2665.3 13 1878 1.2 ✷✷✾✶
P✶✾ st❛r✲P▼❡❖①20✲❚▼❆ ■✶ 2110.6 6 1062 1.56 ✲
P✷✵ st❛r✲P▼❡❖①40✲❚▼❆ ■✶ 3812.8 10 1810 1.32 ✲
P✷✶ st❛r✲P▼❡❖①60✲❚▼❆ ■✶ 5515 14 2527 1.27 ✲
P✷✷ st❛r✲P▼❡❖①80✲❚▼❆ ■✶ 7217.2 19 2976 1.28 ✲
P✷✸ st❛r✲P▼❡❖①40✲❚❍P ■✶ 2935.1 8 2088 1.27 ✲
P✷✹ st❛r✲P▼❡❖①100✲❚❍P ■✶ 12 660.4 22 8319 1.38 ✲
P✷✺ st❛r✲P▼❡❖①400✲❚❍P ■✶ 34 758.5 81 28 670 1.31 ✲
P✷✻ st❛r✲P▼❡❖①40✲❚P ■✶ 4056.7 9 3650 1.29 ✲
P✷✼ st❛r✲P▼❡❖①240✲❚P ■✶ 20 557.3 55 18 860 1.27 ✲
P✷✽ st❛r✲P▼❡❖①60✲❚❚❆❝ ■✶ 5474.8 13 4827 1.24 ✲
a ❈❛❧❝✉❧❛t❡❞ ❜② ❬▼❪0✴❬■❪0
b ❉❡t❡r♠✐♥❡❞ ❜② 1❍✲◆▼❘ ❡♥❞ ❣r♦✉♣ ❛♥❛❧②s✐s
c ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
d ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✸✷
❚❤❡ ❧✐♥❡❛r✱ t❡❧❡❝❤❡❧✐❝ ♣♦❧②♠❡rs P✸ ❛♥❞ P✹✱ ♣r❡♣❛r❡❞ ❢♦r ♥♦♥✲❞❡❣r❛❞❛❜❧❡ ❤②❞r♦❣❡❧
s②♥t❤❡s✐s✱ s❤♦✇❡❞ ❛ ❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧②
❞❡t❡r♠✐♥❡❞ ♠♦❧❛r ♠❛ss❡s ❛♥❞ ❞❡❣r❡❡s ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥✳ ❚❤❡ ❞✐s♣❡rs✐t✐❡s ❛r❡ ❜❡❧♦✇
✶✳✷✱ ❝♦♠♣❛r❛❜❧❡ t♦ ✈❛❧✉❡s ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✹✷❪ ❛♥❞ r❡✈❡❛❧ ❛ ❧✐✈✐♥❣
♣♦❧②♠❡r✐③❛t✐♦♥ t❤❛t ②✐❡❧❞s ✇❡❧❧ ❞❡✜♥❡❞ ❝r♦ss❧✐♥❦❡rs✳ ■♥ ❣❡♥❡r❛❧✱ ♣♦❧②♠❡rs ♣r❡♣❛r❡❞
✇✐t❤ ■✹ s❤♦✇ ❛ ❣♦♦❞ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ ❡①♣❡❝t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ❛♥❞ ❞✐s♣❡rs✐t✐❡s
♦❢ ✶✳✸ ❛♥❞ ❧♦✇❡r✳ ❖♥❧② ❢♦r P✶✵ t❤❡ ♠♦❧❛r ♠❛ss ❞♦❡s ♥♦t ✜t t♦ t❤❡ ❝❛❧❝✉❧❛t❡❞ ♠❛ss
❜❛s❡❞ ♦♥ t❤❡ ✐♥✐t✐❛❧ ♠♦♥♦♠❡r t♦ ✐♥✐t✐❛t♦r r❛t✐♦✳ ❆ ❞✐s♣❡rs✐t② ♦❢ ✶✳✸✹ ❛♥❞ ❛
♠✉❧t✐✲♠♦❞❛❧ ❞✐str✐❜✉t✐♦♥ ❢♦✉♥❞ ❜② ●P❈ ✐♥❞✐❝❛t❡ t❤❛t s✐❞❡ r❡❛❝t✐♦♥s ♦❝❝✉rr❡❞ ❞✉r✐♥❣
t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥✳ ■♥ ❝♦♥tr❛st✱ t❤❡ st❛r✲❧✐❦❡ P❖① ✭P✶✾ ✲ P✷✽✮ s❤♦✇❡❞ ❜r♦❛❞❡r
❞✐str✐❜✉t✐♦♥s ♦❢ ✉♣ t♦ ✶✳✺✻ ❢♦r P✶✾✱ ❜✉t ♠♦st ♣r♦❜❛❜❧② ❞✉❡ t♦ st❛t✐st✐❝❛❧ r❡❛s♦♥s
❝❛✉s❡❞ ❜② ❢♦✉r ♣r♦♣❛❣❛t✐♥❣ s✐t❡s ♣❡r ♣♦❧②♠❡r ✐♥st❡❛❞ ♦❢ ✶ ♦r ✷ ❢♦r ❧✐♥❡❛r ♣♦❧②♠❡rs✳
■t ✐s r❡♠❛r❦❛❜❧❡ t❤❛t t❤❡ ❞❡t❡r♠✐♥❡❞ ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ✭♥✮ ✜ts ✇❡❧❧ t♦ t❤❡
❝❛❧❝✉❧❛t❡❞✱ ❜✉t t❤❡ ♠♦❧❛r ♠❛ss❡s ❛❧♠♦st ❛❧✇❛②s ❛♣♣❡❛r ♠✉❝❤ ❧♦✇❡r✳ Pr❡✈✐♦✉s ●P❈
❡①♣❡r✐♠❡♥ts ✇✐t❤ ❞②♥❛♠✐❝ ❧✐❣❤t s❝❛tt❡r✐♥❣ ❞❡t❡❝t✐♦♥ r❡✈❡❛❧❡❞ t❤❛t st❛r✲❧✐❦❡ ♣♦❧②♠❡rs
❢♦r♠ ❞❡♥s❡r str✉❝t✉r❡s ✐♥ s♦❧✉t✐♦♥ ❝♦♠♣❛r✐♥❣ t♦ ❧✐♥❡❛r ♣♦❧②♠❡rs✳ ❚❤❡r❡❢♦r❡✱ t❤❡②
❤❛✈❡ ❛ ❤✐❣❤❡r ❡❧✉t✐♦♥ ✈♦❧✉♠❡ ✐♥ ●P❈ ❛♥❞ ❛♣♣❛r❡♥t ❧♦✇❡r ♠♦❧❛r ♠❛ss❡s ❛r❡
❞❡t❡r♠✐♥❡❞✳ ■t ❤❛s t♦ ❜❡ ♠❡♥t✐♦♥❡❞ t❤❛t ▼❆▲❉■✲❚♦❋✲▼❙ ❛♥❛❧②s✐s ♦❢ t❤❡ st❛r✲P❖①
❣❛✈❡ ♥♦ s✐❣♥❛❧s ✇✐t❤ ❛♥② t❡st❡❞ s❡t✉♣ ❛♥❞ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✐s s♦❧❡❧② ❜❛s❡❞ ♦♥
●P❈ ❛♥❞ 1❍✲◆▼❘ ❡♥❞ ❣r♦✉♣ ❛♥❛❧②s✐s✳
◆❡①t✱ ■✷ ❛♥❞ ■✸ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ t♦ ✐♥tr♦❞✉❝❡ ❛ ❞✐s✉❧✜❞❡ ❛s ❝❧❡❛✈❛❜❧❡ ❜♦♥❞ ❢♦r t❤❡
❢❛❜r✐❝❛t✐♦♥ ♦❢ ❞❡❣r❛❞❛❜❧❡ ❤②❞r♦❣❡❧s✳ ❚❤❡ ❣❡♥❡r❛❧ s②♥t❤❡s✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻
❛♥❞ r❡s♣❡❝t✐✈❡ ❛♥❛❧②t✐❝❛❧ ❞❛t❛ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✹✳ ❋♦r t❤❡ ❛❧❦②♥❡✲❜❡❛r✐♥❣
P❖① P✶ ❛♥❞ P✷✱ ✐♥✐t✐❛t❡❞ ✇✐t❤ ■✷✱ ❛ ❢✉rt❤❡r ❝♦✉♣❧✐♥❣ st❡♣ ✇✐t❤ ❛ ❞✐s✉❧✜❞❡
❝♦♥t❛✐♥✐♥❣ ❞✐❛③✐❞❡ ✭▲✷✮ ✇❛s r❡❛❧✐③❡❞ t♦ ♦❜t❛✐♥ s❝✐ss✐❧❡ ❝r♦ss❧✐♥❦❡rs ✭s❡❡ s❡❝t✐♦♥
✹✳✶✳✹✮✳ ❋r♦♠ t❤❡ ❛♥❛❧②t✐❝❛❧ ❞❛t❛ ✐t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t ✇✐t❤ ■✸ ❛♥❞ t❤❡
♦♣t✐♠✐③❡❞ r❡❛❝t✐♦♥ ❝♦♥❞✐t✐♦♥s✱ ✇❡❧❧✲❞❡✜♥❡❞ ♣♦❧②♠❡rs ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡
❞❡s✐r❡❞ ♠♦❧❛r ♠❛ss❡s ❛♥❞ ❞✐s♣❡rs✐t✐❡s ❜❡❧♦✇ ✶✳✷ ✇❤✐❝❤ ❛r❡ s❧✐❣❤t❧② ❤✐❣❤❡r ❝♦♠♣❛r✐♥❣
t♦ ✈❛❧✉❡s ❢♦r P❊t❖① ♣♦❧②♠❡rs ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✹✼❪✳ ❋♦r P✶✼ ❛♥❞ P✶✽ t❤❡
●P❈ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ r❡✈❡❛❧❡❞ ❜r♦❛❞❡r ✭Ð❃ ✶✳✹✮ ❛♥❞ ♠✉❧t✐✲♠♦❞❛❧ ❞✐str✐❜✉t✐♦♥s✳
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❋✐❣✉r❡ ✹✳✻✿ ●❡♥❡r❛❧ s②♥t❤❡t✐❝ r♦✉t❡ ❢♦r ✭❛✮ ❜✐s✲❢✉♥❝t✐♦♥❛❧✱ ❞❡❣r❛❞❛❜❧❡ ❛♥❞ ✭❜✮ ❛❧❦②♥❡✲
❜❡❛r✐♥❣ P❖① ❢♦r ❝❧✐❝❦ ❝❤❡♠✐str② ✇✐t❤ ✈❛r✐♦✉s ❝❤❛✐♥ ❧❡♥❣t❤ ✭♥✮ ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t② ✭◆✉✮✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✸✸
❚❛❜❧❡ ✹✳✹✿ ❆♥❛❧②t✐❝❛❧ ❞❛t❛ ♦❢ ❞❡❣r❛❞❛❜❧❡ P❖① ♣r❡♣❛r❡❞ ✐♥ t❤✐s ✇♦r❦✳
P♦❧②♠❡r ■♥✐t✐❛t♦r ▼an ♥
b ▼cn Ð
c ▼dp
❬❣✴♠♦❧❪ ❬❣✴♠♦❧❪ ❬❣✴♠♦❧❪
P✶ PP▼❡❖①5✲▼❆ ■✸ 549.7 5 542 ✶✳✶✹ ✲
P✷ PP▼❡❖①15✲▼❆ ■✸ 1400.7 15 1870 ✶✳✶✼ ✶✹✼✹
P✶✼ ❉❙✲P▼❡❖①10✲❉▼❆ ■✷ 1141.4 8 967 ✶✳✺✷ ✲
P✶✽ ❉❙✲P▼❡❖①30✲❉▼❆ ■✷ 2843.5 13 2027 ✶✳✹✸ ✷✷✾✶
a ❈❛❧❝✉❧❛t❡❞ ❜② ❬▼❪0✴❬■❪0
b ❉❡t❡r♠✐♥❡❞ ❜② 1❍✲◆▼❘ ❡♥❞ ❣r♦✉♣ ❛♥❛❧②s✐s
c ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
d ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❋✉rt❤❡r♠♦r❡✱ t❤❡ ②❡❧❧♦✇✐s❤ ♣♦❧②♠❡r ♣r♦❞✉❝t ✐♥❞✐❝❛t❡ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ s♦♠❡ s✐❞❡
♣r♦❞✉❝ts ❞✉r✐♥❣ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥✱ ♠♦st ♣r♦❜❛❜❧② ❜❡❝❛✉s❡ ♦❢ ♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧
❝❤❧♦r✐❞❡ r❡s✐❞✉❡s st✐❧❧ ❧❡❢t ✐♥ ■✷ ❡✈❡♥ ❛❢t❡r t❤r❡❡ r❡❝r②st❛❧❧✐③❛t✐♦♥ st❡♣s✳ ❚❤❡
♥✉❝❧❡♦♣❤✐❧✐❝ ❝❤❛r❛❝t❡r ♦❢ t❤❡ ❝❤❧♦r✐❞❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧ ❝❤❧♦r✐❞❡ ❝❛♥
❧❡❛❞ t♦ t❡r♠✐♥❛t✐♦♥ ❛♥❞ ♦t❤❡r s✐❞❡✲r❡❛❝t✐♦♥s✳
✹✳✶✳✸ ❚❡r♠✐♥❛t✐♦♥✱ ❞❡♣r♦t❡❝t✐♦♥ ❛♥❞ ❞❡❣r❡❡ ♦❢
❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥
❚♦ ✉t✐❧✐③❡ t❤❡ s②♥t❤❡s✐③❡❞ ♣♦❧②♠❡rs ❛s ♣♦❧②♠❡r✐❝ ❝r♦ss❧✐♥❦❡rs✱ ❤✐❣❤ ❞❡❣r❡❡s ♦❢
t❡r♠✐♥❛t✐♦♥ ✇✐t❤ ❝r♦ss❧✐♥❦❛❜❧❡ ❡♥❞ ❣r♦✉♣s ❛r❡ ♦❢ ♠❛❥♦r ✐♠♣♦rt❛♥❝❡✳ ❚❤❡r❡❢♦r❡✱
❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✇❡r❡ ✉s❡❞ t♦ ✐♥tr♦❞✉❝❡ r❡❛❝t✐✈❡ ❡♥❞ ❣r♦✉♣s ✇❤✐❝❤ ✐s
s✉♠♠❛r✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✳ ❚♦ ❛ss❡ss t❤❡ ❡✣❝✐❡♥❝②✱ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ✇❛s ✉s❡❞
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❡❣r❡❡ ♦❢ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ❜② r❡❧❛t✐♦♥ ♦❢ t❤❡ ❡♥❞ ❣r♦✉♣ s✐❣♥❛❧s t♦
t❤❡ r❡s♣❡❝t✐✈❡ ✐♥✐t✐❛t♦r s✐❣♥❛❧s✳ ■♥ s♦♠❡ ❝❛s❡s ✭❚✷ ✲ ❚✺✮ ♦♥❧② ♣r♦t❡❝t❡❞ t❡r♠✐♥❛t✐♥❣
❛❣❡♥ts ❝♦✉❧❞ ❜❡ ✉s❡❞ ❞✉❡ t♦ ❛ ♥✉❝❧❡♦♣❤✐❧✐❝ ❝❤❛r❛❝t❡r ♦❢ ♦t❤❡r ❢✉♥❝t✐♦♥❛❧ ❣r♦✉♣s
✇✐t❤✐♥ t❤❡ ❛❣❡♥ts t❤❛t ✇♦✉❧❞ ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ st❡♣ ♦❢ t❡r♠✐♥❛t✐♦♥ ♦r t❤❡✐r
✐♥st❛❜✐❧✐t② ❛❣❛✐♥st ♦①✐❞❛t✐♦♥ ✭❡✳❣✳ t❤✐♦❧s✮✳ ■♥ t❤❡s❡ ❝❛s❡s✱ ❛❞❞✐t✐♦♥❛❧ ❞❡♣r♦t❡❝t✐♦♥
st❡♣s ✇❡r❡ ♥❡❝❡ss❛r②✳ ■♥ ♦t❤❡r ❝❛s❡s✱ ❞❡♣r♦t♦♥❛t✐♦♥ ✇❛s ♥❡❝❡ss❛r② ❛♥❞ tr✐❡t❤②❧❛♠✐♥❡
✭❚❊❆✮ ❛s ❛ ❧♦✇ ♥✉❝❧❡♦♣❤✐❧✐❝ ❜❛s❡ ✇❛s ✉s❡❞ ❢♦r t❤✐s ♣✉r♣♦s❡✳
❆t ✜rst✱ ❛❝❝♦r❞✐♥❣ t♦ ❙❝❤✉❜❡rt ❛♥❞ ❝♦✲✇♦r❦❡rs ❬✷✺✷❪ ♠❡t❤❛❝r②❧✐❝ ❛❝✐❞ ✭❚✶✮ ✇❛s ✉s❡❞
✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❚❊❆ t♦ ♦❜t❛✐♥ ♠❡t❤❛❝r②❧❛t❡s ❢♦r ❧❛t❡r ❝r♦ss❧✐♥❦✐♥❣ ✇✐t❤ ♦t❤❡r
♠❡t❤❛❝r②❧❛t❡s ✭❝♦♠♦♥♦♠❡rs✮ ❜② ❢r❡❡ r❛❞✐❝❛❧ ♣♦❧②♠❡r✐③❛t✐♦♥✳ ❚❤❡ r❡s♣❡❝t✐✈❡
1❍✲◆▼❘ s♣❡❝tr❛ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✽✳ ❈♦♠♣❛r✐♥❣ t❤❡ ✐♥t❡❣r❛❧s ♦❢ t❤❡ ❞♦✉❜❧❡✲❜♦♥❞
♣r♦t♦♥ ❛t ✻✳✵✽ ♣♣♠ ✭✺✮ ❛♥❞ ❛♣♣r♦♣r✐❛t❡ ✐♥✐t✐❛t♦r ♣r♦t♦♥s t❤❡ ❞❡❣r❡❡ ♦❢
❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ✇❛s ❞❡t❡r♠✐♥❡❞ t♦ ❜❡ ❛❜♦✈❡ ✾✵✪✳ ❚❤✐s ✐s s❧✐❣❤t❧② ❤✐❣❤❡r
❝♦♠♣❛r✐♥❣ t♦ ✈❛❧✉❡s ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✽✺✪ ❛s ❣✐✈❡♥ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✺✷❪ ❛♥❞
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✸✹
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❋✐❣✉r❡ ✹✳✼✿ ❖✈❡r✈✐❡✇ ♦❢ t❡r♠✐♥❛t✐♦♥ ❛♣♣r♦❛❝❤❡s ✇✐t❤ ❞✐✛❡r❡♥t ♥✉❝❧❡♦♣❤✐❧✐❝ ❛❣❡♥ts ✭◆✉✮
❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ❡♥❞ ❣r♦✉♣s ♦♥ t❤❡ ♣♦❧②♠❡r ❝❤❛✐♥ ❡♥❞ ❛❢t❡r t❡r♠✐♥❛t✐♦♥✳ ❚❤❡ ❳ st❛♥❞s ❢♦r
t❤❡ ✐♥✐t✐❛t♦r ❣r♦✉♣✳
t❤❡r❡❢♦r❡ s✉✣❝✐❡♥t ❢♦r ❝r♦ss❧✐♥❦✐♥❣✳ ❙t♦r✐♥❣ t❤❡ ♣♦❧②♠❡rs ❛t ✲✷✵◦❈ ✉♥❞❡r ❡①❝❧✉s✐♦♥
♦❢ ❧✐❣❤t ❛♥❞ ♦①②❣❡♥ r❡♠❛✐♥❡❞ t❤❡♠ r❡❛❝t✐✈❡ ❢♦r ♠♦r❡ t❤❛♥ ❛ ②❡❛r✳ ◆❡①t✱ ✐t ✇❛s
❛✐♠❡❞ t♦ ✐♥tr♦❞✉❝❡ ❛♠✐♥♦✲♦①② ❡♥❞ ❣r♦✉♣s t♦ ❡♥❛❜❧❡ ❛♥ ♦①✐♠✲❧✐❣❛t✐♦♥ ✇✐t❤ ❛❧❞❡❤②❞❡s
❛s ♦✉t❧✐♥❡❞ ❜② ▲✉①❡♥❤♦❢❡r ❡t✳ ❛❧✳ ❬✶✻✹❪ ✉♥❞❡r ♥✉❝❧❡♦♣❤✐❧✐❝ ❝❛t❛❧②s✐s ✉s✐♥❣ ❛♥✐❧✐♥ ❬✷✺✸❪✳
❍❡♥❝❡✱ ◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡ ✭❚✷✮ ✇❛s ✉s❡❞ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❚❊❆ t♦ ♦❜t❛✐♥
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣r♦t❡❝t❡❞ ❛♠✐♥♦✲♦①② ❡♥❞ ❣r♦✉♣✳ ❚❤❡ ❛r♦♠❛t✐❝ ♣r♦t♦♥s ❜❡t✇❡❡♥
✼✳✹ ❛♥❞ ✼✳✽ ✭✹✮ ♣♣♠ ❛r❡ ✇❡❧❧✲s✉✐t❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❞❡❣r❡❡ ♦❢ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ❛♥❞
r❡✈❡❛❧❡❞ ❛ ❞❡❣r❡❡ ♦❢ ❛❧♠♦st ✶✵✵✪✳ ❆❢t❡r ❞❡♣r♦t❡❝t✐♦♥ ✈✐❛ ❤②❞r❛③✐♥♦❧②s✐s ❛❝❝♦r❞✐♥❣ t♦
t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✺✹❪✱ t❤❡ ❛r♦♠❛t✐❝ s✐❣♥❛❧s ❞❡❝r❡❛s❡❞ ❛♥❞ t❤❡ ❞❡❣r❡❡ ♦❢ ❞❡♣r♦t❡❝t✐♦♥ ✇❛s
❝❛❧❝✉❧❛t❡❞ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✽✵✪✳ ❚❤❛t ♠❡❛♥s t❤❛t ♠♦r❡ t❤❛♥ ✸ ♦❢ ✹ ❛r♠s ♦❢ t❤❡
st❛r✲❧✐❦❡ P❖① ❛r❡ ❛♣♣r♦♣r✐❛t❡❧② ❢✉♥❝t✐♦♥❛❧✐③❡❞ ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ♣♦❧②♠❡r ❝❛♥ ✇♦r❦
❛s ❛ ❝r♦ss❧✐♥❦❡r ❢♦r ❣❡❧❛t✐♦♥✳ ❖♥❧② s♦♠❡ ♠✐♥♦r s✐❣♥❛❧s ♦❢ ❛r♦♠❛t✐❝ ♣r♦t♦♥s ✭✺✮ ❝❛♥ ❜❡
❢♦✉♥❞ ❛❢t❡r ❞❡♣r♦t❡❝t✐♦♥ ✇❤✐❝❤ ❞❡r✐✈❡ ❢r♦♠ t❤❡ r❡s✉❧t✐♥❣ ❜②♣r♦❞✉❝t✳ ❙✐♠✐❧❛r❧②✱
♣r✐♠❛r② ❛♠✐♥❡s ❝❛♥ ❜❡ ✐♥tr♦❞✉❝❡❞ ❛s ❡♥❞✲❢✉♥❝t✐♦♥ ✉s✐♥❣ ♣♦t❛ss✐✉♠ ♣❤t❤❛❧✐♠✐❞❡
✭❚✸✮ ✐♥st❡❛❞ ♦❢ ◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡ ❛s r❡❝❡♥t❧② ♣✉❜❧✐s❤❡❞ ❜② ❙❝❤✉❜❡rt ❛♥❞
❝♦✇♦r❦❡rs ❬✷✺✺❪✳ ❆❣❛✐♥✱ t❤❡ s✉❝❝❡ss ✇❛s ♠♦♥✐t♦r❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❛r♦♠❛t✐❝
♣r♦t♦♥s ✭✼✳✹ t♦ ✼✳✽ ♣♣♠✮ ✇✐t❤ t❤❡ ✐♥✐t✐❛t♦r s✐❣♥❛❧s ❛♥❞ ②❡t✱ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ❛s ✇❡❧❧
❛s ❞❡♣r♦t❡❝t✐♦♥ ❜② ❤②❞r❛③✐♥♦❧②s✐s ✇❛s ❢♦✉♥❞ t♦ ❜❡ q✉❛♥t✐t✐✈❡ ❛s r❡♣♦rt❡❞ ✐♥ t❤❡
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mn
❋✐❣✉r❡ ✹✳✶✸✿ ❙✉♠♠❛r② ♦❢ t❡st❡❞ ❧✐❣❛t✐♦♥ ♠❡t❤♦❞s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✇✐t❤ ✭❛✮ ❢r❡❡ r❛❞✐❝❛❧
♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ♥ ♠❡t❤❛❝r②❧❛t❡ ❜❡❛r✐♥❣ P❖① ❛♥❞ ♠ ♠❡t❤❛❝r②❧✐❝ ❝♦♠♦♥♦♠❡rs ✐♥❞✉❝❡❞ ❜②
✉❧tr❛✈✐♦❧❡t ✭❯❱✮ ✐rr❛❞✐❛t✐♦♥✱ ✭❜✮ ♦①✐♠❡ ❧✐❣❛t✐♦♥ ♦❢ ♦①②❛♠✐♥❡s ❛♥❞ ❛❧❞❡❤②❞❡s ✉s✐♥❣ ❛♥✐❧✐♥
❛s ♥✉❝❧❡♦♣❤✐❧✐❝ ❝❛t❛❧②st✱ ✭❝✮ ❛♠✐❞✲❧✐❣❛t✐♦♥ ✈✐❛ ❊❉❈✴◆❍❙ ❝❛t❛❧②③❡❞ ❛♠✐♥❡✴❝❛r❜♦①②❧✐❝ ❛❝✐❞
❝♦✉♣❧✐♥❣✱ ✭❞✮ t❤✐♦❧✲❡♥❡ r❡❛❝t✐♦♥ s♣♦♥t❛♥❡♦✉s❧② ♦❝❝✉rr✐♥❣ ♦r ✐♥✐t✐❛t❡❞ t❤r♦✉❣❤ ❡✐t❤❡r ❯❱
✐rr❛❞✐❛t✐♦♥ ♦r ❛ ♥✉❝❧❡♦♣❤✐❧✐❝ ❝❛t❛❧②st✱ ❛♥❞ ✭❡✮ ❈✉❆❆❈✳
s✉❝❝❡ss❢✉❧ ❛♥❞ r❡♣r♦❞✉❝❛❜❧❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❤②❞r♦❣❡❧s ❛♥❞ r❡❣✉❧❛r ♥❡t✇♦r❦
str✉❝t✉r❡s✳ ❋✐❣✉r❡ ✹✳✶✸ ❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ ❝r❡❛t❡
♥❡t✇♦r❦s ✇✐t❤ t❤❡ ❢❛❜r✐❝❛t❡❞ ♣♦❧②♠❡rs✳
✹✳✶✳✹ ▲✐♥❦❡r s②♥t❤❡s✐s ❛♥❞ ❝♦✉♣❧✐♥❣
❚♦ ✐♥tr♦❞✉❝❡ ❛ ❢✉♥❝t✐♦♥❛❧ ❣r♦✉♣ ✇✐t❤✐♥ t❤❡ ❝r♦ss❧✐♥❦✐♥❣ ♣♦❧②♠❡r✱ ❛ t✇♦✲st❡♣
❛♣♣r♦❛❝❤ ✇❛s ❢❛✈♦r❡❞ ❛s ✐t ✐s ♠♦r❡ ✈❡rs❛t✐❧❡✳ ❆t ✜rst✱ ❛♥ ❛❧❦②♥❡✲❜❡❛r✐♥❣ P▼❡❖① ✇❛s
s②♥t❤❡s✐③❡❞ ✉s✐♥❣ ♣r♦♣❛r❣②❧ t♦s②❧❛t❡ ✭■✸✮ ❛s ✐♥✐t✐❛t♦r ❛♥❞ ♠❡t❤❛❝r②❧✐❝ ❛❝✐❞ ✭❚✶✮ ❛s
t❡r♠✐♥❛t✐♥❣ ❛❣❡♥t✳ ◆♦✇✱ t❤❡ ♦❜t❛✐♥❡❞ ♣r♦♣❛r❣②❧✲P▼❡❖① ✭P✶ ❛♥❞ P✷✮ ❝❛♥ ❜❡
❝♦✉♣❧❡❞ ✇✐t❤ ❛ ❞✐❛③✐❞❡ t❤❛t ❝♦♥t❛✐♥s ❛ s❝✐ss✐❧❡ ❜♦♥❞✱ ❧✐❦❡ ❛ ❞✐s✉❧✜❞❡✲❜♦♥❞✱ ❛♥ ❡st❡r
❜♦♥❞ ♦r ❛ ❝❧❡❛✈✐♥❣ s✐t❡ ❢♦r ♠❛tr✐① ♠❡t❛❧❧♦♣r♦t❡✐♥❛s❡s ✭▼▼P✮✳ ■♥ t❤✐s ✇♦r❦✱ ❛
❞✐s✉❧✜❞❡✲❝♦♥t❛✐♥✐♥❣ ❧✐♥❦❡r ✭▲✷✮ ✇❛s ♣r❡♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ r❡❝❡♥t❧② ♣✉❜❧✐s❤❡❞
♣r♦❝❡❞✉r❡ ❬✷✻✻❪✳ ❈♦♠❜✐♥❡❞ ✇✐t❤ ♣♦❧②♠❡r P✶ ♦r P✷✱ ❛♥ α✱ω✲♠❡t❤❛❝r②❧❛t❡ ❝r♦ss❧✐♥❦❡r
✇✐t❤ ❛ ❞✐s✉❧✜❞❡ ❝♦r❡ ✇❛s s②♥t❤❡s✐③❡❞ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✹✳ ❚❤❡ ❝♦✉♣❧✐♥❣
✇❛s r❡❛❧✐③❡❞ ✈✐❛ ❈✉❆❆❈ ❛♥❞ ❢♦✉♥❞ t♦ ✇♦r❦ ❜❡st ❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✶✵ ❡q ❛s❝♦r❜✐❝
❛❝✐❞ ❛♥❞ ✵✳✻ ❡q ♦❢ ❈✉❙❖4 t♦✇❛r❞s ✶ ❡q ❧✐♥❦❡r ❛♥❞ ✷ ❡q ♣♦❧②♠❡r✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡
❝♦✉♣❧✐♥❣ ♦❢ P✶ ❧❡❞ t♦ ❛♥ ♦✐❧②✱ ❜r♦✇♥ ♣r♦❞✉❝t ❛♥❞ ❛ ✈❡r② ❧♦✇ ❝♦✉♣❧✐♥❣ ❡✣❝✐❡♥❝②✳ ❋♦r
P✷ ❛ s✉❝❝❡ss❢✉❧ ❝♦✉♣❧✐♥❣ ✇❛s ♣r♦✈❡❞ ❜② ●P❈ ❛♥❞ 1❍✲◆▼❘ ❛♥❞ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡
✹✳✶✺✳ ❈♦♠♣❛r✐♥❣ t❤❡ ●P❈ tr❛❝❡s ♦❢ P✷ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❝♦✉♣❧✐♥❣✱ ❛ ❧♦✇❡r❡❞ ❡❧✉t✐♦♥
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✵
S
S
NH
NH
O
Cl
O
Cl
S
S
NH
NH
O
N3
O
N3
S
S
NH2
NH2
Cl
Cl
O
water, NaOH DMF
NaN3
N
O
O
O
n
S
S
NH
NH
O
N
O
N
N N
NN
N
O
O
N
O
O
O
O
n
n
water, CuSO4, AscH
L1 L2
P1 or P2
DC1
❋✐❣✉r❡ ✹✳✶✹✿ ❙②♥t❤❡t✐❝ r♦✉t❡ ❢♦r ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ❞❡❣r❛❞❛❜❧❡ ❧✐♥❦❡r ❛♥❞ ✜♥❛❧ ❈✉❆❆❈
❧✐❣❛t✐♦♥ t♦ t❤❡ ❞❡❣r❛❞❛❜❧❡ ♣♦❧②♠❡r✐❝ ❝r♦ss❧✐♥❦❡r ✭❉❈✶✮✳
t✐♠❡ ❢r♦♠ ✶✽✳✼ ♠✐♥ t♦ ✶✼✳✶ ♠✐♥ ❛♥❞ ❛ s❤✐❢t ♦❢ t❤❡ ♠♦❧❛r ♠❛ss ❢r♦♠ ✶✽✼✵ ❣✴♠♦❧ t♦
✹✽✼✵ ❣✴♠♦❧ ❝♦♥✜r♠❡❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❉❈✶✳ ❆ ❧♦✇ ❞✐s♣❡rs✐t② ♦❢ ✶✳✶✷ ✐♥❞✐❝❛t❡s ❛
❝♦♥tr♦❧❧❡❞ ❛♥❞ q✉❛♥t✐t❛t✐✈❡ r❡❛❝t✐♦♥✳ ■♥ t❤❡ 1❍✲◆▼❘ s♣❡❝tr❛ ❛❧❧ s✐❣♥❛❧s ❝♦✉❧❞ ❜❡
❛ss✐❣♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✹✼❪ ❡s♣❡❝✐❛❧❧② ✐♥❞✐❝❛t✐♥❣ t❤❡ ❤✐❣❤ ❡♥❞ ❣r♦✉♣
❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ✭✾✻✪✮ ❛♥❞ ❝♦♥✜r♠✐♥❣ t❤❡ str✉❝t✉r❡s ❛s ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✹✳
✹✳✶✳✺ ❙✉♠♠❛r②
■♥ t❤❡ ♣r❡❝❡❞✐♥❣ ❝❤❛♣t❡rs t❤❡ s②♥t❤❡s✐s ❛♥❞ ❛♥❛❧②s✐s ♦❢ ❛❧❧ ✐♥✐t✐❛t♦rs✱ t❡r♠✐♥❛t✐♥❣
❛❣❡♥ts✱ ❧✐♥❦❡rs ❛♥❞ ♣♦❧②♠❡rs ❤❛s ❜❡❡♥ ❞❡s❝r✐❜❡❞ ❛♥❞ ❞✐s❝✉ss❡❞✳ ❑✐♥❡t✐❝
✐♥✈❡st✐❣❛t✐♦♥s s❤♦✇❡❞ ❧✐♥❡❛r ♠♦♥♦♠❡r ❝♦♥s✉♠♣t✐♦♥s ✉♣ t♦ ❤✐❣❤ ❝♦♥✈❡rs✐♦♥ r❛t❡s
❧❡❛❞✐♥❣ t♦ ♣♦❧②♠❡rs ♦❢ ❧♦✇ ❞✐s♣❡rs✐t② ♦❢ Ð❂ ✶✳✸ ✭●P❈✮ ❛♥❞ ✐♥❞✐❝❛t✐♥❣ ❝♦♥tr♦❧❧❡❞
❛♥❞ ❧✐✈✐♥❣ ♣♦❧②♠❡r✐③❛t✐♦♥s✳ ❊①❝❡♣t✐♦♥s ✇❡r❡ P✶✼ ❛♥❞ P✶✽ ✇❤✐❝❤ s❤♦✇❡❞ ❜r♦❛❞❡r
❞✐str✐❜✉t✐♦♥s ❝❛✉s❡❞ ❜② ✐♠♣✉r✐t✐❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♣♦❧②♠❡rs
❜② ▼❆▲❉■✲❚♦❋ ▼❙ ❛✣r♠❡❞ t❤❛t ✇❡❧❧✲❞❡✜♥❡❞ ♣♦❧②♠❡rs ✇❡r❡ ♦❜t❛✐♥❡❞✳ ❲✐t❤ t❤❡
✉s❡❞ t❡r♠✐♥❛t✐♥❣ ❛❣❡♥ts ❤✐❣❤ ❞❡❣r❡❡s ♦❢ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ✇❡r❡ ❛❝❤✐❡✈❡❞ ❛♥❞ ♣r♦✈❡❞
❜② 1❍✲◆▼❘ ✇❤✐❝❤ ✐s ♣r❡r❡q✉✐s✐t❡ ❢♦r ❛ ❧❛t❡r ❣❡❧❛t✐♦♥✳ ❋✐♥❛❧❧②✱ ❛♥ ❡✛❡❝t✐✈❡ ❧✐❣❛t✐♦♥ ♦❢
▲✷ ❛♥❞ P✷ ❧❡❞ t♦ ❛ ❞❡❣r❛❞❛❜❧❡ ❝r♦ss❧✐♥❦❡r ✭❉❈✶✮ ❛♥❞ ❞❡♠♦♥str❛t❡s ❛
str❛✐❣❤t❢♦r✇❛r❞ ♠❡t❤♦❞ t♦ ✐♥tr♦❞✉❝❡ ❢✉♥❝t✐♦♥❛❧ ❣r♦✉♣s ✇✐t❤✐♥ t❤❡ ♣♦❧②♠❡r ❝♦r❡✳

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✷
✹✳✷ P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮✲❜❛s❡❞ ❤②❞r♦❣❡❧s
❚❤❡ ❢♦❝✉s ♦❢ t❤✐s ✇♦r❦ ✇❛s t♦ ♣r❡♣❛r❡ ✇❡❧❧✲❞❡✜♥❡❞ t❡❧❡❝❤❡❧✐❝ ❝r♦ss❧✐♥❦❡rs ♠❛❞❡ ♦❢
P❖① ❢♦r t❤❡ ❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥✳ ❚❤❡ ♣r❡s❡♥t❡❞ ♣♦❧②♠❡rs ✇✐t❤ ❞❡s✐r❡❞ ❡♥❞ ❣r♦✉♣
❢✉♥❝t✐♦♥❛❧✐t✐❡s ❛❧❧♦✇ ✈❛r✐♦✉s ♣♦ss✐❜✐❧✐t✐❡s ❢♦r ❝r♦ss❧✐♥❦✐♥❣ ❛s ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✸✳
❚❤❡ ❤②❞r♦❣❡❧ ❢❛❜r✐❝❛t✐♦♥ ❜② ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡rs✳ ❚❤❡ ❡✛❡❝t ♦❢ ✈❛r✐❛t✐♦♥ ♦❢ ♣♦❧②♠❡r ❛r❝❤✐t❡❝t✉r❡✱ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞
❝♦✲❝♦♠♣♦✉♥❞s t♦✇❛r❞s ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✐s ❡♠♣❤❛s✐③❡❞✳
✹✳✷✳✶ P❖①✲♠❡t❤❛❝r②❧❛t❡ ❜❛s❡❞ ❤②❞r♦❣❡❧s
❚❤❡ ✜rst ❛♣♣r♦❛❝❤ t♦ ♦❜t❛✐♥ ❤②❞r♦❣❡❧s ✇❛s ❝❛rr✐❡❞ ♦✉t ❜② ❝♦♠❜✐♥✐♥❣ ♠✉❧t✐❢✉♥❝t✐♦♥❛❧
P❖①✱ ❡♥❞✲❝❛♣♣❡❞ ✇✐t❤ ♠❡t❤❛❝r②❧❛t❡ ❣r♦✉♣s✱ ❛♥❞ ✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧ ♠❡t❤❛❝r②❧❛t❡s
❛s ❝♦♠♦♥♦♠❡r✱ ✐♥s♣✐r❡❞ ❜② ♣✉❜❧✐❝❛t✐♦♥s ♦❢ ❈❤r✐st♦✈❛ ❛♥❞ ❝♦✲✇♦r❦❡rs ❬✶✽✺✱✷✹✷✱✷✻✼❪✳ ❚❤✐s
♠♦❞✉❧❛r s②st❡♠ ❝❛♥ ❜❡ ❡❛s✐❧② ✈❛r✐❡❞ ❛♥❞ ❝r♦ss❧✐♥❦❡❞ ❜② ❢r❡❡✲r❛❞✐❝❛❧ ♣♦❧②♠❡r✐③❛t✐♦♥✳
❆s ❛ ❤✐❣❤❧② s✇♦❧❧❡♥ ❛♥❞ ♥♦♥✲s✇✐t❝❤❛❜❧❡ ❤②❞r♦❣❡❧ ✇❛s ❞❡s✐r❡❞✱ P▼❡❖①✱ t❤❡ ♠♦st
❤②❞r♦♣❤✐❧✐❝ P❖① ✐♥ t❤❡ s❡r✐❡s ❛♥❞ ✇✐t❤♦✉t ❛ ▲❈❙❚ ❬✶✺✺❪✱ ✇❛s ✉s❡❞ ❛s ♣♦❧②♠❡r✐❝
❝r♦ss❧✐♥❦❡r ✐♥ t❤✐s ✇♦r❦✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❤✐❣❤ r❡❛❝t✐✈✐t② t♦✇❛r❞s r❛❞✐❝❛❧s ❛♥❞ ❛t t❤❡
s❛♠❡ t✐♠❡ ✐ts r❡❧❛t✐✈❡❧② ❤✐❣❤ st❛❜✐❧✐t②✱ ✇❤❡♥ st♦r❡❞ ♣r♦♣❡r❧② ❛t ✲✷✵◦❈ ✐♥ t❤❡ ❞❛r❦
❛♥❞ ❤❡♥❝❡✱ t❤❡✐r ❝♦♥✈❡♥✐❡♥t ❤❛♥❞❧✐♥❣✱ t❤❡ ♠❡t❤❛❝r②❧❛t❡ ❢✉♥❝t✐♦♥❛❧✐t② ✇❛s ❢❛✈♦r❡❞✳
▼♦r❡♦✈❡r✱ t❤❡r❡ ✐s ❛ ♠✉❧t✐t✉❞❡ ♦❢ ♠❡t❤❛❝r②❧❛t❡s ✇✐t❤ ✈❛r✐♦✉s ♣r♦♣❡rt✐❡s s✉❝❤ ❛s
❤②❞r♦♣❤✐❧✐❝✱ ❤②❞r♦♣❤♦❜✐❝✱ ✐♦♥✐❝ ❡t❝✳ ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❝❛♥ ❜❡ ✐♥tr♦❞✉❝❡❞ ❡❛s✐❧② ✐♥ t❤❡
❤②❞r♦❣❡❧ ♥❡t✇♦r❦ ❛s ❝♦♠♦♥♦♠❡rs ❞✉r✐♥❣ t❤❡ ❣❡❧❛t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❢r❡❡✲r❛❞✐❝❛❧
❝r♦ss❧✐♥❦✐♥❣ ❝❛♥ ❜❡ ✐♥✐t✐❛t❡❞ ❡✐t❤❡r ❜② ❡①♣♦s✉r❡ ♦❢ ❯❱ ❧✐❣❤t ❬✷✻✽❪✱ t❤❡r♠❛❧
tr❡❛t♠❡♥t ❬✷✻✾❪ ♦r r❡❞✉❝t✐✈❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ❬✷✼✵❪✳ ■♥ t❤❡ ❡♥❞✱ t❤❡ s②st❡♠ ❝❛♥ ❜❡ ❡❛s✐❧②
♠♦❞✉❧❛t❡❞✱ s✐♠♣❧② ❜② ❝❤❛♥❣✐♥❣ ❡✐t❤❡r t❤❡ ❝r♦ss❧✐♥❦❡r ❝❤❛✐♥ ❧❡♥❣t❤✱ ❝r♦ss❧✐♥❦❡r
❣❡♦♠❡tr②✱ ❝r♦ss❧✐♥❦❡r t♦ ❝♦♠♦♥♦♠❡r r❛t✐♦ ♦r t❤❡ ❝♦♠♦♥♦♠❡r t②♣❡✱ t♦ ♠♦❞✐❢② ❛♥❞
❝✉st♦♠✐③❡ t❤❡ r❡s✉❧t✐♥❣ ❤②❞r♦❣❡❧s ✇✐t❤ r❡❣❛r❞ t♦ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧
♣r♦♣❡rt✐❡s✳ ❚❤❡ ❋✐❣✉r❡s ✹✳✶✻ ❛♥❞ ✹✳✶✼ ❣✐✈❡ ❛♥ ♦✈❡r✈✐❡✇ ♦✈❡r t❤❡ ❣❡♥❡r❛❧ ♣r♦❝❡❞✉r❡
t♦ ♦❜t❛✐♥ P❖①✲❤②❞r♦❣❡❧ ❞✐s❦s ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ ❝♦♠♣♦s✐t✐♦♥s ✉s❡❞ ✐♥
t❤✐s ✇♦r❦✳ ❚♦ ❝r❡❛t❡ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❤②❞r♦❣❡❧ ❧✐❜r❛r② t❤❡ ♣♦❧②♠❡r s❡r✐❡s
P▼❡❖①10,20,30,40,50✲❉▼❆ ✇❛s ❝♦♠❜✐♥❡❞ ✇✐t❤ ❤②❞r♦①②❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡ ✭❍❊▼❆✮ ❛s
❛ ❤②❞r♦♣❤✐❧✐❝✱ ❬✷✲✭♠❡t❤❛❝r②❧♦②❧♦①②✮❡t❤②❧❪ tr✐♠❡t❤②❧❛♠♠♦♥✐✉♠ ❝❤❧♦r✐❞❡ ✭▼❊❚❆❈✮ ❛s
❝❛t✐♦♥✐❝ ♦r s✉❧❢♦♣r♦♣②❧ ♠❡t❤❛❝r②❧❛t❡ ✭❙P▼❆✮ ❛s ❛♥✐♦♥✐❝ ❝♦♠♦♥♦♠❡r ✐♥ r❛t✐♦s ♦❢ ✾✿✶✱
✼✿✸✱ ✺✿✺✱ ✸✿✼ ❛♥❞ ✶✿✾ ✇❡✐❣❤t ♣❡r❝❡♥t❛❣❡ ❛♥❞ ✸✵✪ ♦r❣❛♥✐❝ ❝♦♥t❡♥t ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r
s❛t✉r❛t❡❞ ✇✐t❤ t❤❡ ♣❤♦t♦ ✐♥✐t✐❛t♦r ■●❆❈❯❘❊r✳ ❆❢t❡r ❯❱ ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ♦❜t❛✐♥❡❞
❤②❞r♦❣❡❧ ❞✐s❦s ❤❛✈❡ ❜❡❡♥ ❛ss❡ss❡❞ ✇✐t❤ r❡❣❛r❞ t♦ t❤❡✐r s✇❡❧❧✐♥❣ ❞❡❣r❡❡ ✭❙w❉✮ ❛♥❞
❡❧❛st✐❝✐t②✳ ❚❤❡ ❙w❉ ✇❛s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ ❡q✉❛t✐♦♥ ✹✳✹ ❛♥❞ t❤❡ ❡❧❛st✐❝✐t② ♦r
♠♦r❡ ♣r❡❝✐s❡❧② t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ t❤❡ ❤②❞r♦❣❡❧s ❤❛✈❡ ❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ❜②
❝♦❧❧♦✐❞❛❧ ♣r♦❜❡ s♣❡❝tr♦s❝♦♣② ✭❈P❙✮✳ ❈P❙ ✇❛s ♣❡r❢♦r♠❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❇✉tt ❡t

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✹
❚❛❜❧❡ ✹✳✻✿ ❙✇❡❧❧✐♥❣ ❞❡❣r❡❡s ♦❢ ♠❡t❤❛❝r②❧❛t❡ ❜❛s❡❞ ❤②❞r♦❣❡❧s ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❝♦♠♣♦s✐t✐♦♥✱
P❖① ❝r♦ss❧✐♥❦❡r ❝❤❛✐♥ ❧❡♥❣t❤✱ ❛♥❞ ❝♦♠♦♥♦♠❡r✳ ❱❛❧✉❡s ❛r❡ ❣✐✈❡♥ ✐♥ ✪✳
P❖① ❈♦♠♣♦s✐t✐♦♥
❬♥❪ ❬P❖①✿❈♦♠♦♥♦♠❡r ✐♥ ✪✇t❪
❈♦♠♦♥♦♠❡r ✾✿✶ ✼✿✸ ✺✿✺ ✸✿✼ ✶✿✾
✶✵ ✲ ✲ ✲ ✲ ✲
✷✵ 28 27.1 32.2 34.7 40.3
❍❊▼❆ ✸✵ 2.8 7.1 8.7 6.4 10.4
✹✵ 145.7 204.6 224 267.5 313
✺✵ 219.1 275.8 337.4 407.5 455.9
✶✵ 329 400 522.4 807.8 4058.4
✷✵ 346.4 460.4 784.7 1388.7 3747.5
▼❊❚❆❈ ✸✵ 431.1 587.2 858.5 2081.5 3716.8
✹✵ 523 776.2 917.8 2392.4 4194.8
✺✵ 562.5 975.8 1354.8 3308.4 8124.1
✶✵ 362.1 533 628.1 856.4 2996.8
✷✵ 408 530.8 738.2 1338.6 3971.4
❙P▼❆ ✸✵ 386.9 581.8 901.4 1513 7379.4
✹✵ 488 714 1069.5 1862.8 7154.4
✺✵ 510.4 779.9 1242.4 2103.8 7868
❛❧✳ ❬✷✼✶✱✷✼✷❪ ✉s✐♥❣ t❤❡ ❍❡rt③ ❡q✉❛t✐♦♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❢r♦♠ t❤❡
❢♦r❝❡✲❞✐st❛♥❝❡ ❝✉r✈❡s✳ ❚❤❡ r❡s✉❧ts ❛♥❞ tr❡♥❞s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✻ ❛♥❞
✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✽✳
SWD =
m(swollen)−m(dry)
m(dry)
· 100% ✭✹✳✹✮
❋♦r t❤❡ ❙w❉✱ ❛ ❝❧❡❛r tr❡♥❞ ✐s ❛♣♣❛r❡♥t✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡ ❤✐❣❤❡r t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡
❝♦♠♦♥♦♠❡r ✐♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ t❤❡ ❧♦♥❣❡r t❤❡ ❝r♦ss❧✐♥❦❡r✱ t❤❡ ❤✐❣❤❡r ✇❛s t❤❡
❙w❉✳ ❉✉❡ t♦ ❛♥ ✐♥❝r❡❛s✐♥❣ ❛r❝ ❧❡♥❣t❤ ✐♥ t❤❡ ♥❡t✇♦r❦✱ ♠♦r❡ ✇❛t❡r ❝❛♥ ❜❡ st♦r❡❞ ✐♥
t❤❡ ❤②❞r♦❣❡❧ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ∼✽✵✵✵✪ ❢♦r ❣❡❧s ✇✐t❤ t❤❡ ❤✐❣❤❡st ▼❊❚❆❈
❛♥❞ ❙P▼❆ ❝♦♥t❡♥ts✳ ❚❤✐s r❡s✉❧t ✐s ✐♥ ❝♦♥tr❛❞✐❝t✐♦♥ t♦ r❡s✉❧ts ♣✉❜❧✐s❤❡❞ ❜②
❈❤r✐st♦✈❛ ❡t ❛❧✳ ❬✶✽✺❪✳ ❚❤❡② r❡♣♦rt❡❞ t❤❡ ❤✐❣❤❡st ❙w❉ ❢♦r t❤❡ ❤②❞r♦❣❡❧ ✇✐t❤ t❤❡
❤✐❣❤❡st ❝r♦ss❧✐♥❦❡r ❝♦♥t❡♥t ✭P❊t❖①70✲P❍❊▼❆30 ❃ P❊t❖①30✲P❍❊▼❆70✮ ❜✉t
✇✐t❤♦✉t ❛♥② ❢✉rt❤❡r ❡①♣❧❛♥❛t✐♦♥✳ ❚❤❡② ❢♦✉♥❞ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r ❢♦r P▼▼❆✲P❊t❖①
s❡❣♠❡♥t❡❞ ♣♦❧②♠❡r ♥❡t✇♦r❦s✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s❡❞
❤②❞r♦♣❤✐❧✐❝ ♣♦rt✐♦♥ ✐♥ t❤❡ ❣❡❧✳ ❍♦✇❡✈❡r✱ ❙✳ ❇✉❡❝❤❡❧ ❬✷✼✸❪ r❡♣♦rt❡❞ ❛♥ ✐♥❝r❡❛s❡❞ ❙w❉
✇✐t❤ ❛♥ ✐♥❝r❡❛s✐♥❣ ❛r❝ ❧❡♥❣t❤✱ ❢♦❝✉ss✐♥❣ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ P❖① ❤②❞r♦❣❡❧s ❛s

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✻
s✉♣❡r❛❜s♦r❜❡r ♠❛t❡r✐❛❧s✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ♥♦♥✲✐♦♥✐❝✱ ❤✐❣❤❧② ❤②❞r♦♣❤✐❧✐❝ ❝♦♠♦♥♦♠❡r
❍❊▼❆✱ ❤②❞r♦❣❡❧s ✇✐t❤ t❤❡ ✐♦♥✐❝ ❝♦♠♦♥♦♠❡rs ▼❊❚❆❈ ❛♥❞ ❙P▼❆ ❝❛♥ st♦r❡ ✉♣ t♦
t✇❡♥t② t✐♠❡s ♠♦r❡ ✇❛t❡r✳ ❲✐t❤ s✇❡❧❧✐♥❣ ❞❡❣r❡❡s ❡①❝❡❡❞✐♥❣ ✶✵✵✵✪ t❤❡② ❝❛♥ ❜❡
r❡❣❛r❞❡❞ ❛s s✉♣❡r❛❜s♦r❜❡rs✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ r❡♠❛r❦❛❜❧② ❤✐❣❤ ✐♥ ❝♦♥tr❛st t♦ ✈❛❧✉❡s
♦❢ P❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧s ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ❛❧❜❡✐t ♦❢ ❞✐✛❡r❡♥t
❝♦♠♣♦s✐t✐♦♥s ❬✶✻✺✱✷✵✽✱✷✼✹❪✳
❋♦r t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✐ t❤❡ tr❡♥❞s ❛r❡ ♠♦r❡ ❝♦♠♣❧❡① ❛♥❞ ♥♦t str❛✐❣❤t ❢♦r✇❛r❞✳
❙✐♠✐❧❛r t♦ t❤❡ ❙w❉s✱ t❤❡ st✐✛♥❡ss r❛✐s❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞❡❣r❡❡ ♦❢ ❝r♦ss❧✐♥❦✐♥❣
❞✉❡ t♦ ❛ s♠❛❧❧❡r ❛r❝ ❧❡♥❣t❤ ❛♥❞ ❛ ❞❡♥s❡r ♥❡t✇♦r❦✳ ❖❜✈✐♦✉s❧②✱ t❤❡ ✈❛❧✉❡ ❢♦r t❤❡
❍❊▼❆✲P❖①30✲❣❡❧ ✐s ❛♥ ♦✉t❧✐❡r✱ ❝❛✉s❡❞ ❜② ❛♥ ❡rr♦r ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ❝❛♥ ❜❡
❞✐sr❡❣❛r❞❡❞✳ ❲✐t❤ t❤❡ P❖①10 ❝r♦ss❧✐♥❦❡r✱ ❛❧❧ ❛tt❡♠♣ts t♦ ❢♦r♠ ❛ st❛❜❧❡ ❤②❞r♦❣❡❧ ❞✐s❦
✇✐t❤ ❍❊▼❆ ❢❛✐❧❡❞ ❛♥❞ ❧❡❞ t♦ ❛ ♣❤❛s❡✲s❡♣❛r❛t✐♦♥✳ ❚❤❡ s❛♠❡ ✇❛s ❢♦✉♥❞ ❢♦r
❍❊▼❆✲❤②❞r♦❣❡❧s ✇✐t❤ t❤❡ ❧♦✇❡st ❝r♦ss❧✐♥❦❡r ❝♦♥t❡♥t ♦❢ ✶✵ ✪✇t ❛♥❞ ❛ ❝r♦ss❧✐♥❦❡r
❝❤❛✐♥ ❧❡♥❣t❤ ♦❢ ✷✵ ❛♥❞ ✹✵✳ ●❡♥❡r❛❧❧②✱ ✐t ✇❛s ♠♦r❡ ❞✐✣❝✉❧t t♦ ♦❜t❛✐♥ st❛❜❧❡ ❤②❞r♦❣❡❧s
✇✐t❤ ❍❊▼❆ ❛s t❤❡ ❝♦♠♦♥♦♠❡r✱ ✐♥ ❝♦♥tr❛st t♦ ▼❊❚❆❈ ♦r ❙P▼❆✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡
❨♦✉♥❣✬s ♠♦❞✉❧✐ ♦❢ t❤❡ ❍❊▼❆✲❣❡❧s ❛r❡ ✇✐t❤✐♥ t❤❡ s❛♠❡ r❛♥❣❡ ❜❡t✇❡❡♥ ✶✵ ❛♥❞ ✻✵
❦P❛ ❛♥❞ ❞♦❡s ♥♦t ✈❛r② ♠✉❝❤ ✇❤❡♥ t❤❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❝❤❛♥❣❡❞ ❡①❝❡♣t ❢♦r ✺✵✲✾✿✶
✇✐t❤ ❛♥ ♦✉tst❛♥❞✐♥❣❧② ❤✐❣❤ st✐✛♥❡ss ♦❢ ✷✵✺ ❦P❛✳
❚❤✐s ✐s ❞✐✛❡r❡♥t ❢♦r ❤②❞r♦❣❡❧s ♠❛❞❡ ♦❢ ▼❊❚❆❈ ❛♥❞ ❙P▼❆✳ ❍❡r❡✱ ❞✐st✐♥❝t
❞✐✛❡r❡♥❝❡s ❛r❡ ❢♦✉♥❞ ✇❤❡♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ✐s ❝❤❛♥❣❡❞✳ ■♥ ❝❛s❡ ♦❢ ▼❊❚❆❈✲❣❡❧s✱ t❤❡
st✐✛♥❡ss ✐♥❝r❡❛s❡s ♥♦t ♦♥❧② ✇✐t❤ ❛ ❤✐❣❤❡r ❝r♦ss❧✐♥❦❡r ❝♦♥t❡♥t ❜✉t ❛❧s♦ ✇✐t❤ ❛♥
✐♥❝r❡❛s✐♥❣ ❝❤❛✐♥ ❧❡♥❣t❤ ♦❢ t❤❡ ❝r♦ss❧✐♥❦❡r✳ ❆❝t✉❛❧❧②✱ ❛ ❧♦♥❣❡r ❝r♦ss❧✐♥❦❡r ❣❡♥❡r❛t❡s ❛
❧♦♦s❡r ♥❡t✇♦r❦ ✇✐t❤ ❛ ❤✐❣❤❡r ❛r❝ ❧❡♥❣t❤ ❛♥❞ s❤♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ s♦❢t❡r✳ ❆ ♣♦ss✐❜❧❡
❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ♦♣♣♦s✐♥❣ tr❡♥❞ ❝❛♥ ❜❡✱ t❤❛t ✇✐t❤ ❛ ❧♦♥❣❡r ❝❤❛✐♥ ❧❡♥❣t❤ ♦❢ t❤❡
❝r♦ss❧✐♥❦❡r t❤❡ ♠♦❧❛r ♠❛ss r❛✐s❡s t♦♦ ❜✉t t❤❡ ❛♠♦✉♥t ♦❢ s✉❜st❛♥❝❡ ❞❡❝r❡❛s❡s ❢♦r ❛
❝♦♥st❛♥t ♠❛ss✳ ❚❤❛t ♠❡❛♥s✱ t❤❛t t❤❡ ♠♦❧❛r r❛t✐♦ ❜❡t✇❡❡♥ ❝♦♠♦♥♦♠❡r ❛♥❞
❝r♦ss❧✐♥❦❡r r❛✐s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❝r♦ss❧✐♥❦❡r ❧❡♥❣t❤ ✭❡✳❣✳ P▼❡❖①10 ❂ ✹✻❀ P▼❡❖①50
❂ ✶✾✹ ♠♦❧ ❝♦♠♦♥♦♠❡r ♣❡r ♠♦❧ ❝r♦ss❧✐♥❦❡r ❛t ✶✿✾ ✪✇t P❖①✿❝♦♠♦♥♦♠❡r✮✳ ❋✐♥❛❧❧②✱ ❢♦r
P▼❡❖①50 ❤②❞r♦❣❡❧s ❛ ❧♦♥❣❡r✱ ❝♦♥s❡❝✉t✐✈❡ ❝♦♠♦♥♦♠❡r ❝❤❛✐♥ ✐♥ t❤❡ ♥❡t✇♦r❦ ❝❛♥ ❜❡
❛ss✉♠❡❞ ❝♦♠♣❛r✐♥❣ t♦ P▼❡❖①10 ❤②❞r♦❣❡❧s✳ ❆s ▼❊❚❆❈ ✐s ❛ ♣♦s✐t✐✈❡❧② ❝❤❛r❣❡❞
❝♦♠♦♥♦♠❡r✱ ❛ ❧♦♥❣❡r✱ ❝♦♥s❡❝✉t✐✈❡ ❝❤❛✐♥ ❝♦✉❧❞ ❧❡❛❞ t♦ ❛ ❤✐❣❤❡r ❡❧❡❝tr♦st❛t✐❝ r❡♣✉❧s✐♦♥
❛♥❞ t❤❡r❡❢♦r❡ ❛ s②st❡♠❛t✐❝ st✐✛❡♥✐♥❣ ♦❢ t❤❡ ❤②❞r♦❣❡❧✳ ■♥ ❢❛❝t✱ t❤❡ s❛♠❡ ♣❤❡♥♦♠❡♥♦♥
✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❢♦r ❙P▼❆✲❣❡❧s✱ ❛s ❙P▼❆ ✐s ❛ ❝❤❛r❣❡❞ ❝♦♠♦♥♦♠❡r t♦♦✳ ❇✉t t❤❡
r❡s✉❧ts ❛r❡ ❞✐✛❡r❡♥t✳ ❲✐t❤ t❤❡ s❤♦rt❡st ❝r♦ss❧✐♥❦❡r ✈❡r② st✐✛ ❤②❞r♦❣❡❧s ✇❡r❡ ♦❜t❛✐♥❡❞
❜✉t ❛❧s♦ ❢♦r t❤❡ ❤②❞r♦❣❡❧s ✇✐t❤ ❛ ❧♦♥❣ ❝r♦ss❧✐♥❦❡r ❛♥❞ ❛ ❤✐❣❤ ❝r♦ss❧✐♥❦❡r ❝♦♥t❡♥t✳
❚❤✐s ❝♦♥tr❛r② tr❡♥❞s ♠❛② ❜❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ s✉❧❢♦♥②❧✲❣r♦✉♣ ♦❢ t❤❡ ❙P▼❆
❝♦♠♦♥♦♠❡r ❝❛♥ ❜❡ ♣❛rt❧② ♥❡❣❛t✐✈❡❧② ❝❤❛r❣❡❞ ♦r ♥♦♥✲❝❤❛r❣❡❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
♣❍✲✈❛❧✉❡✳ ❙♦ ♠❛②❜❡✱ t❤❡ ❡✛❡❝t ♦❢ ❡❧❡❝tr♦st❛t✐❝ r❡♣✉❧s✐♦♥ ❜❡❝♦♠❡s ❞♦♠✐♥❛♥t ✇✐t❤ ❛
❧♦♥❣❡r✱ ❝♦♥s❡❝✉t✐✈❡ ❝❤❛✐♥ ❛s ❛ r❡s✉❧t ♦❢ ❛ ❧♦♥❣❡r ❝r♦ss❧✐♥❦❡r✱ ❛s ❢♦✉♥❞ ❢♦r ▼❊❚❆❈✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✼
❇✉t ❢♦r s❤♦rt❡r ❝r♦ss❧✐♥❦❡rs t❤❡ ❡✛❡❝t ♦❢ ❛ ❞❡♥s❡r ♥❡t✇♦r❦ ♣r❡✈❛✐❧s✳ ❚❤✐s ✇♦✉❧❞
❡①♣❧❛✐♥ t❤❡ ❧♦✇❡st st✐✛♥❡ss ❛t t❤❡ ❤②❞r♦❣❡❧ s❡r✐❡s ✇✐t❤ ❛ ✾✿✶ P❖①✿❝♦♠♦♥♦♠❡r r❛t✐♦
❢♦r P▼❡❖①30✳
❇❡s✐❞❡s P▼❡❖①✱ t❤❡ ♠♦r❡ ❤②❞r♦♣❤♦❜✐❝ ❛♥❞ t❤❡r♠♦✲s✇✐t❝❤❛❜❧❡ P✐Pr❖① ❝r♦ss❧✐♥❦❡rs
✭P✺ ❛♥❞ P✻✮ ✇❡r❡ s②♥t❤❡s✐③❡❞✱ ❛✐♠✐♥❣ ❢♦r ❛ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡r♠♦✲s✇✐t❝❤❛❜❧❡
❤②❞r♦❣❡❧s ❛s r❡❝❡♥t❧② ❞❡s❝r✐❜❡❞ ❬✷✵✻❪✳ ❋✐rst ❡①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❍❊▼❆
❛s ❝♦♠♦♥♦♠❡r ❛♥❞ r❡s✉❧t❡❞ ✐♥ st❛❜❧❡ ❜✉t ❡①tr❛♦r❞✐♥❛r✐❧② ❜r✐tt❧❡ ❞✐s❦s✱ ✇❤✐❝❤ ❛r❡
✈❡r② ❞✐✣❝✉❧t t♦ ❝❤❛r❛❝t❡r✐③❡✳ ❲❤❡♥ t❤❡ t❡♠♣❡r❛t✉r❡ ✐s r❛✐s❡❞ ❛❜♦✈❡ t❤❡ tr❛♥s✐t✐♦♥
t❡♠♣❡r❛t✉r❡ ♦❢ ✹✵◦❈ t❤❡ ❞✐s❦ t✉r♥❡❞ t✉r❜✐❞ ❛♥❞ ❛ ✈♦❧✉♠❡ s❤r✐♥❦✐♥❣ ✇❛s ❞❡t❡❝t❛❜❧❡
❜✉t ♥♦t ❡①❛❝t❧② ♠❡❛s✉r❛❜❧❡✳ ❚❤✐s ❡①♣❡r✐♠❡♥t ♣r♦✈❡s P✐Pr❖① ❝r♦ss❧✐♥❦❡r s✉✐t❛❜❧❡
✇✐t❤ ❍❊▼❆ ❢♦r ❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ♠❛② ❜r♦❛❞❡♥s t❤❡ r❛♥❣❡ ♦❢ ❛✈❛✐❧❛❜❧❡
♣r♦♣❡rt✐❡s✳
✹✳✷✳✷ ❇✐♦❤②❜r✐❞❡ ❤②❞r♦❣❡❧s ❜❛s❡❞ ♦♥ P❖① ❛♥❞ ❤❡♣❛r✐♥
❆ ❢r❡q✉❡♥t❧② ✉s❡❞ ♠❡t❤♦❞ t♦ ♦❜t❛✐♥ s♦❢t ❛♥❞ ❜✐♦❝♦♠♣❛t✐❜❧❡ ❤②❞r♦❣❡❧s ✐s t♦ ❝♦♠❜✐♥❡
♥❛t✉r❛❧❧② ❞❡r✐✈❡❞ ❝♦♠♣♦♥❡♥ts ❧✐❦❡ ♣r♦t❡✐♥s ✭❡✳❣✳ ❝♦❧❧❛❣❡♥✮ ♦r s✉❣❛rs ✭❡✳❣✳ ❤❡♣❛r✐♥✮
✇✐t❤ s②♥t❤❡t✐❝ ❝♦♠♣♦♥❡♥ts✱ ♠♦st❧② ♣♦❧②♠❡rs ✭❡✳❣✳ P❊●✮ t♦ ♠♦❞✐❢② t❤❡ ♠❡❝❤❛♥✐❝❛❧
❛♥❞ ❜✐♦❛❝t✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❣❡❧ ❬✷✼✺✕✷✼✼❪✳ ❚❤❡ ❣r♦✉♣ ♦❢ Pr♦❢✳ ❲❡r♥❡r ✉s❡s
st❛r✲❧✐❦❡ P❊● ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ❤❡♣❛r✐♥ ✐♥ t❤✐s ❝♦♥t❡①t ❬✷✼✽✱✷✼✾❪✳ ❉✉❡ t♦ t❤❡
♠❡♥t✐♦♥❡❞ ❞r❛✇❜❛❝❦s ♦❢ P❊●✱ t❤❡ ❛✐♠ ✐♥ t❤✐s ✇♦r❦ ✇❛s t♦ r❡♣❧❛❝❡ t❤❡ P❊● ✇✐t❤
P❖① ❢♦r ❛ ❜r♦❛❞❡r ✈❛r✐❛❜✐❧✐t②✳ ❚❤❡r❡❢♦r❡✱ P❖① ✇✐t❤ ♠✉❧t✐♣❧❡ ❡♥❞ ❣r♦✉♣s ✇❡r❡
❝♦♠❜✐♥❡❞ ✇✐t❤ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ❤❡♣❛r✐♥ t♦ ♣r❡♣❛r❡ ❜✐♦❤②❜r✐❞ ❤②❞r♦❣❡❧s ✈✐❛ ❞✐✛❡r❡♥t
r♦✉t❡s✳ ❆❧❧ ❛♣♣r♦❛❝❤❡s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✾✳ ■♥s♣✐r❡❞ ❜② t❤❡ ❛♣♣r♦❛❝❤❡s
❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ st❛r✲❧✐❦❡ P▼❡❖① ❤❛✈❡ ❜❡❡♥ s②♥t❤❡s✐③❡❞ ❛♥❞ ♠♦❞✐✜❡❞ ❢♦r
❝r♦ss❧✐♥❦✐♥❣✳ ❍❡♥❝❡✱ P✷✻ ❛♥❞ P✷✼✱ st❛r✲P▼❡❖① ✇✐t❤ ♣r✐♠❛r② ❛♠✐♥❡ ♠♦✐❡t✐❡s ✇❡r❡
t❡st❡❞ ❢♦r ❊❉❈✴◆❍❙ ❝❛t❛❧②③❡❞ ❛♠✐❞ ❝♦✉♣❧✐♥❣ ✇✐t❤ ❝❛r❜♦①②❧❛t❡ ❣r♦✉♣s ♦❢ ♥❛t✉r❛❧
❤❡♣❛r✐♥ ❬✷✽✵❪✳ ❍♦✇❡✈❡r✱ ♥❡✐t❤❡r P✷✻ ♥♦r P✷✼ ❢♦r♠❡❞ st❛❜❧❡ ❤②❞r♦❣❡❧s ✐♥ t❤✐s
❡①♣❡r✐♠❡♥ts✳ ❚❤✐s ♠✐❣❤t ❜❡❝❛✉s❡ ♦❢ ❡✐t❤❡r ❛♥ ✐♥❛❝t✐✈❛t✐♦♥ ♦❢ t❤❡ ♣r✐♠❛r② ❛♠✐♥❡
❣r♦✉♣s ❞✉r✐♥❣ t❤❡ st♦r✐♥❣ ❛♥❞ ❤❛♥❞❧✐♥❣ ♦r t❤❡ ❝♦♠♣❧❡① ❝♦✉♣❧✐♥❣ st❡♣✱ ✇❤❡r❡ ❛♥
❛❝t✐✈❛t✐♦♥ st❡♣ ✐s ♥❡❝❡ss❛r② ❛♥❞ ♠❛②❜❡ ♥♦t ❡✣❝✐❡♥t ❡♥♦✉❣❤✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠♦r❡
r❡❛❝t✐✈❡ ❛♥❞ ❧❡ss ✐♥tr✐❝❛t❡ t❤✐♦❧✲❡♥❡ ❝♦✉♣❧✐♥❣ ✇❛s ❝❛rr✐❡❞ ♦✉t ✇✐t❤ P✷✽ ❛♥❞
♠❛❧❡✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ❤❡♣❛r✐♥ ❬✷✽✶❪✳ Pr✐♠❛r② t❤✐♦❧s ❛r❡ ❤✐❣❤❧② r❡❛❝t✐✈❡ t♦✇❛r❞s
♠❛❧❡✐♠✐❞❡s ❬✷✽✷❪✱ ✇❤✐❝❤ ❝❛♥ ❜❡ r❡❣✉❧❛t❡❞ ❜② ❛❞❥✉st✐♥❣ t❤❡ ♣❍ ✭♣❍ ✾✳✺✱ ✶ s t♦✇❛r❞s
♣❍ ✺✳✺✱ ✻ ♠✐♥ ❢♦r ❣❡❧❛t✐♦♥✮ ✇✐t❤♦✉t ❢✉rt❤❡r ❛❝t✐✈❛t✐♦♥ ♦r ❛❞❞✐t✐✈❡s✳ ❆❣❛✐♥✱ ♥♦
s✉❝❝❡ss❢✉❧ ❣❡❧❛t✐♦♥ ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❛❧t❤♦✉❣❤ ❛ ❝♦♠♣❧❡t❡ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥ ❛♥❞
❞❡♣r♦t❡❝t✐♦♥ ✇❛s ❛tt❡st❡❞ ❜② 1❍✲◆▼❘ ❛♥❞ ❛❧❧ ♣❛r❛♠❡t❡rs ✇❡r❡ ❞❡s✐❣♥❡❞ t♦ ✜t ❛♥❞
t❤✐♦❧✲❛❝t✐✈✐t② ✇❛s ♣r♦✈❡♥ t♦ ❜❡ ❛♣♣r♦♣r✐❛t❡✳ ❙♦✱ ✐t ✇❛s ❛ss✉♠❡❞ t❤❛t t❤❡
st❛r✲P▼❡❖① ❛r❡ ✐♥❡❧✐❣✐❜❧❡ ❛♥❞ ❛t ❛ ❝❡rt❛✐♥ ❝❤❛✐♥ ❧❡♥❣t❤ ♦❢ t❤❡ ❛r♠s t❤❡ ❡♥❞ ❣r♦✉♣s
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✽
POx
POx Heparin
POx
Heparin
POx
Heparin POx Heparin
(a)
(b)
EDC/NHS
(a) (b)
Heparin Maleimide functionalized
heparin
❋✐❣✉r❡ ✹✳✶✾✿ ❖✈❡r✈✐❡✇ ♦❢ ❛♣♣r♦❛❝❤❡s ❢♦r ♣r❡♣❛r✐♥❣ P❖①✲❤❡♣❛r✐♥ ❜✐♦❤②❜r✐❞❡ ❤②❞r♦❣❡❧s ✇✐t❤
❡✐t❤❡r st❛r✲❧✐❦❡ ♦r ❜✐s❢✉♥❝t✐♦♥❛❧ P❖① ✉s✐♥❣ ✭❛✮ ❊❉❈✴◆❍❙ ❝♦✉♣❧✐♥❣ ♦❢ ❝❛r❜♦①②❧ ❣r♦✉♣s ♦❢
♥❛t✐✈❡ ❤❡♣❛r✐♥ ❛♥❞ ♣r✐♠❛r② ❛♠✐♥❡ ❡♥❞ ❣r♦✉♣s ♦❢ ❢✉♥❝t✐♦♥❛❧✐③❡❞ P❖① ♦r ✭❜✮ ❝♦✉♣❧✐♥❣ ♦❢
♠❛❧❡✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ❤❡♣❛r✐♥ ❛♥❞ t❤✐♦❧ ❡♥❞ ❣r♦✉♣s ❜② ▼✐❝❤❛❡❧ ❛❞❞✐t✐♦♥✳
❛r❡ ✧tr❛♣♣❡❞✧ ✇✐t❤✐♥ t❤❡ ❝♦✐❧ ❛♥❞ t❤❡r❡❢♦r❡ ♥♦t ❛❝❝❡ss✐❜❧❡ ❢♦r ❝r♦ss❧✐♥❦✐♥❣✳
❚♦ ✈❛❧✐❞❛t❡ t❤✐s ❛ss✉♠♣t✐♦♥✱ ❛ s❡r✐❡s ♦❢ st❛r✲P▼❡❖① ♦❢ ❞✐✛❡r❡♥t ❛r♠✲❧❡♥❣t❤ ❢r♦♠ ✺
t♦ ✷✵ ♠♦♥♦♠❡r ✉♥✐ts ✇❡r❡ s②♥t❤❡s✐③❡❞ ✭P✶✾ ✲ P✷✷✮✳ ❆s t❤❡ t❡r♠✐♥❛❧ ❢✉♥❝t✐♦♥✱
♠❡t❤❛❝r②❧❛t❡ ✇❛s ❝❤♦s❡♥ t♦ ❛✈♦✐❞ ✐♥t❡r❢❡r❡♥❝❡ ❜② ♣♦♦r ❞❡❣r❡❡s ♦❢ ❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥
❛♥❞ ❞❡♣r♦t❡❝t✐♦♥ ♦r ❝♦♠♣❧❡① ❝r♦ss❧✐♥❦✐♥❣ ♣r♦❝❡❞✉r❡s✳ ❍❊▼❆ ✇❛s ✉s❡❞ ❛s t❤❡
❝♦♠♦♥♦♠❡r ❛♥❞ s❛♠♣❧❡s ✇❡r❡ ❡①♣♦s❡❞ t♦ ❯❱ ❧✐❣❤t✳ ❙❛♠♣❧❡s ✇✐t❤ P✶✾✱ P✷✵ ❛♥❞
P✷✶ s❤♦✇❡❞ ❢❛st ❣❡❧❛t✐♦♥ t♦ st❛❜❧❡ ❤②❞r♦❣❡❧s✱ ✇❤✐❧❡ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t ✇✐t❤ P✷✷ ♥♦
❣❡❧❛t✐♦♥ ❜✉t ♣❤❛s❡ s❡♣❛r❛t✐♦♥ ♦❝❝✉rr❡❞✳ ❚❤✐s ✜♥❞✐♥❣ s✉♣♣♦rts t❤❡ ❛ss✉♠♣t✐♦♥✱ t❤❛t
❞✉❡ t♦ ❛♥ ✉♥❢❛✈♦r❛❜❧❡ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ♣♦ss✐❜❧② ❝♦✐❧✐♥❣ ✐♥ ✇❛t❡r✱ st❛r✲P▼❡❖①
❡♥❞✲❣r♦♣✉s ♠✐❣❤t ❜❡ ✐♥❛❝❝❡ss✐❜❧❡ ❛t ❛ ❝❡rt❛✐♥ ❛r♠✲❧❡♥❣t❤ ❛r♦✉♥❞ ✷✵ ♠♦♥♦♠❡r ✉♥✐ts✳
❇❡❝❛✉s❡ ♦❢ t❤❡s❡ r❡str✐❝t✐♦♥s✱ ✐t ✇❛s ❞❡s✐st❡❞ ❢r♦♠ ✉s✐♥❣ st❛r✲❧✐❦❡ P▼❡❖① ❢♦r
❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ❧✐♥❡❛r t❡❧❡❝❤❡❧s ✇❡r❡ ❢❛✈♦r❡❞✳
❋r♦♠ t❤❡s❡ r❡s✉❧ts ✐t ✇❛s ❝❧❡❛r t❤❛t ❧✐♥❡❛r α✱ω✲t❤✐♦❧s ❛r❡ ♠♦r❡ ♣r♦♠✐s✐♥❣ ❢♦r
❣❡❧❛t✐♦♥✳ ❍❡♥❝❡✱ ❛ s❡r✐❡s ♦❢ ❧✐♥❡❛r P▼❡❖① r❛♥❣✐♥❣ ❢r♦♠ ✶✵ t♦ ✶✵✵ r❡♣❡❛t✐♥❣ ✉♥✐ts
✭P✼ ✲ P✶✶✮ ❛♥❞ ♦♥❡ P✐Pr❖① ✭P✶✷✮ ✇✐t❤ α✱ω✲t❤✐♦❧ ❢✉♥❝t✐♦♥ ✇❡r❡ t❡st❡❞ t♦ ❝r❡❛t❡
❤②❞r♦❣❡❧s ♦❢ ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡ st✐✛♥❡ss ✇❛s ♠❡❛s✉r❡❞ ♦♥ s✇♦❧❧❡♥
❣❡❧s ✭✐♥ ♣❤♦s♣❤❛t❡ ❜✉✛❡r❡❞ s❛❧✐♥❡ ✭P❇❙✮✮ ♦♥ ❛ r♦t❛t✐♦♥❛❧ r❤❡♦♠❡t❡r ❛♥❞ t❤❡ st♦r❛❣❡
❛♥❞ ❧♦ss ♠♦❞✉❧✉s ✇❛s ❡①❛♠✐♥❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s❤❡❛r ❢r❡q✉❡♥❝②✳ ❯♥❧✐❦❡ ❈P❙✱
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✹✾
r❤❡♦♠❡tr② ✐s ❛ ✇✐❞❡❧② ✉s❡❞ ♠❡t❤♦❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ st✐✛♥❡ss ♦❢ ❤②❞r♦❣❡❧s ❬✷✽✸❪✱ ❜✉t
❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ ♦♥ ♠✐❝r♦❜❡❛❞s ❛♥❞ ✇❛s t❤❡r❡❢♦r❡ ♦♥❧② ✉s❡❞ ✐♥ t❤✐s ❡①♣❡r✐♠❡♥ts✳
❚❤❡ ✜rst r❡s✉❧ts s❤♦✇❡❞ ♦♥❧② ❢♦r t❤❡ s❤♦rt❡r P✼✱ P✽ ❛♥❞ P✾ r❡♣r♦❞✉❝✐❜❧❡ ❤②❞r♦❣❡❧s
❜✉t ♥♦t ❢♦r t❤❡ ❧♦♥❣❡r P✶✵ ❛♥❞ P✶✶ ❛s ✇❡❧❧ ❢♦r t❤❡ ♠♦r❡ ❤②❞r♦♣❤♦❜✐❝ P✶✷✳
▼♦r❡♦✈❡r✱ t❤❡ ♦❜t❛✐♥❡❞ ❤②❞r♦❣❡❧s ✇❡r❡ ❡①❝❡❡❞✐♥❣❧② s♦❢t ✇✐t❤ ❛ st♦r❛❣❡ ♠♦❞✉❧✉s
❜❡t✇❡❡♥ ✶✵✵ ❛♥❞ ✺✵✵ P❛ ✇❤✐❝❤ ✐s t❡♥ t✐♠❡s ❧♦✇❡r ❝♦♠♣❛r❡❞ t♦ ❤②❞r♦❣❡❧s ♣r♦❞✉❝❡❞
✇✐t❤ P❊●✳ ❇❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ❝r♦ss❧✐♥❦❡rs ♥♦ ❡✛❡❝t ✉♣♦♥ st♦r❛❣❡ ♠♦❞✉❧✉s ❛♥❞
s✇❡❧❧✐♥❣ ✈♦❧✉♠❡ ✭❛❧❧ ❛r♦✉♥❞ ✸ t✐♠❡s t❤❡ ✈♦❧✉♠❡ ♦❢ ✉♥s✇♦❧❧❡♥ s❛♠♣❧❡s✮ ✇❛s ❢♦✉♥❞
❛♥❞ ❛ss✉♠❡❞ t♦ ❜❡ ❝❛✉s❡❞ ❜② ❛ ❞✐st✐♥❝t ❞❡❢❡❝t str✉❝t✉r❡ ✇✐t❤✐♥ t❤❡ ♥❡t✇♦r❦✳ ❚❤❛t
✇♦✉❧❞ ❛❧s♦ ❡①♣❧❛✐♥ t❤❡ ✉♥s✉❝❝❡ss❢✉❧ ❣❡❧❛t✐♦♥ ♦❢ ❧♦♥❣❡r ❝r♦ss❧✐♥❦❡r ❞✉❡ t♦ ❛ t♦♦ ❧♦♦s❡
❛♥❞ ✉♥st❛❜❧❡ ♥❡t✇♦r❦✳ ■t ❤❛s t♦ ❜❡ ♠❡♥t✐♦♥❡❞ t❤❛t ✉♥♣r♦t❡❝t❡❞ ♣r✐♠❛r② t❤✐♦❧s ❛r❡
q✉✐t❡ r❡❛❝t✐✈❡ t♦✇❛r❞s ♦①②❣❡♥ ❛♥❞ ❯❱ ❧✐❣❤t ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ ♣❛ss✐✈❛t✐♦♥ ❛♥❞ ❝❛♥
♣r♦✈✐❞❡ ❛ r❡❛s♦♥ ❢♦r t❤❡s❡ r❡s✉❧ts✳ ❚♦ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠ ❡✐t❤❡r t❤❡ ❞❡♣r♦t❡❝t✐♦♥ ❤❛s
t♦ ❜❡ ❡①❡❝✉t❡❞ ♣r✐♦r t♦ ✉s❡ ♦r ❛ r❡❞✉❝t✐♦♥ ✇✐t❤ ✐✳❡✳ tr✐s✭✷✲❝❛r❜♦①②❡t❤②❧✮♣❤♦s♣❤✐♥❡
✭❚❈❊P✮ ❤❛s t♦ ❜❡ ❝❛rr✐❡❞ ♦✉t ❜❡❢♦r❡ ❧✐❣❛t✐♦♥✳ ❆❝t✐✈✐t② ♠❡❛s✉r❡♠❡♥ts r❡✈❡❛❧❡❞ ❛
❞✐♠✐♥✐s❤❡❞ t❤✐♦❧ ❛❝t✐✈✐t② ❛s ❧♦✇ ❛s ✶✵✪ ❛❢t❡r ✸ ❞❛②s ❛♥❞ ❛ r❡❝♦✈❡r② ✉♣ t♦ ✺✵✪ ❢♦r
P✽✱ P✾ ❛♥❞ P✶✶✱ ✽✵✪ ❢♦r P✶✷ ❛♥❞ ❡✈❡♥ ✶✵✵✪ ❢♦r P✶✵ ✇❤❡♥ tr❡❛t❡❞ ✇✐t❤ ❚❈❊P✳
❚❤✐s ❛❧s♦ ❛✛❡❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❞✉❡ t♦ ❞❡♥s❡r ♥❡t✇♦r❦ str✉❝t✉r❡s✳ ❋♦r
❡①❛♠♣❧❡ ❛ ❤②❞r♦❣❡❧ ♦❢ P✼ ✇✐t❤♦✉t ❚❈❊P s❤♦✇❡❞ ❛ st✐✛♥❡ss ♦❢ ✺✵✵ P❛ ❛♥❞ ✇✐t❤
❚❈❊P ❛ st✐✛♥❡ss ♦❢ ✸ ❦P❛✳ ❚❤✐s ❝❛♥ ♣r♦✈✐❞❡ ❛ t♦♦❧ t♦ ♠♦❞✉❧❛t❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧
♣r♦♣❡rt✐❡s✳ ❈❤❛♥❣✐♥❣ t❤❡ ♦r❣❛♥✐❝ ❝♦♥t❡♥t✱ ❝r♦ss❧✐♥❦✐♥❣ ❞❡❣r❡❡ ❛♥❞ ❝r♦ss❧✐♥❦❡r ❝❤❛✐♥
❧❡♥❣t❤ ❡♥❛❜❧❡s ❢✉rt❤❡r ♣❛r❛♠❡t❡rs t♦ ✐♥✢✉❡♥❝❡ t❤✐s ♣r♦♣❡rt✐❡s✳ Pr❡❧✐♠✐♥❛r② r❡s✉❧ts
❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✵ ❛♥❞ ❞❡♠♦♥str❛t❡ ❛♥ ❛❞❥✉st❛❜❧❡ ♠♦❞✉❧❛r s②st❡♠ t♦
♦❜t❛✐♥ ❤②❞r♦❣❡❧s ♦❢ ❞✐✛❡r❡♥t st♦r❛❣❡ ♠♦❞✉❧✐ r❛♥❣✐♥❣ ❢r♦♠ ❧❡ss t❤❛♥ ✶✵✵ P❛ ✉♣ t♦ ✵✳✺
❦P❛ ✇✐t❤♦✉t ✉s✐♥❣ ❚❈❊P ❛♥❞ ✉♣ t♦ ✸ ❦P❛ ✇❤❡♥ ✉s✐♥❣ ❚❈❊P✳ ❈♦♠♣❛r❡❞ t♦ t❤❡
❤②❞r♦❣❡❧s ♠❛❞❡ ♦❢ st❛r✲P❊● ✭▼n ❂ ✶✵✱✵✵✵ ❣✴♠♦❧✱ ≈ ✺✻ ♠♦♥♦♠❡r ✉♥✐ts✴❛r♠✮✱ t❤❡
P❖①✲❜❛s❡❞ ❜✐♦❤②❜r✐❞ ❤②❞r♦❣❡❧s ❛r❡ ♠✉❝❤ s♦❢t❡r ❡✈❡♥ ✇✐t❤ s❤♦rt❡r ❛r❝ ❧❡♥❣t❤ ❛♥❞
❤✐❣❤❡r ❝r♦ss❧✐♥❦✐♥❣ ❞❡❣r❡❡s✳ ❲❡r♥❡r ❛♥❞ ❝♦✲✇♦r❦❡rs r❡♣♦rt❡❞ st♦r❛❣❡ ♠♦❞✉❧✐ r❛♥❣✐♥❣
❢r♦♠ ✷✵✵ P❛ t♦ ✻ ❦P❛ ✇✐t❤ ❝r♦ss❧✐♥❦✐♥❣ ❞❡❣r❡❡s ✭γ✮ ♦❢ ✵✳✻✸ t♦ ✶✳✺ ❬✷✻✵❪✳ ❍♦✇❡✈❡r✱ ❛❧❧
♦❜t❛✐♥❡❞ ❤②❞r♦❣❡❧s ❛r❡ ♦❢ ❤✐❣❤ s♦❢t♥❡ss ♠❛❦✐♥❣ t❤❡♠ ✐♥t❡r❡st✐♥❣ ❢♦r ♥❡✉r♦♥❛❧
❛♣♣❧✐❝❛t✐♦♥s ❬✷✽✹❪ ❜✉t ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥s ❛r❡ r❡q✉✐r❡❞ t♦ r❡✈❡❛❧ t❤❡✐r ❢✉❧❧ ♣♦t❡♥t✐❛❧✳
❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ♥♦t❡✇♦rt❤② t❤❛t ✜rst ❡①♣❡r✐♠❡♥ts ❝♦♥❝❡r♥✐♥❣
❘●❉✲❢✉♥❝t✐♦♥❛❧✐③❛t✐♦♥✱ ✈❛s❝✉❧❛r ❡♥❞♦t❤❡❧✐❛❧ ❣r♦✇t❤ ❢❛❝t♦r ✭❱❊●❋✮ ❧♦❛❞✐♥❣✴r❡❧❡❛s❡
❜❡❤❛✈✐♦r✱ ❛♥❞ ❝❡❧❧ ❛❞❤❡s✐♦♥✴✈✐❛❜✐❧✐t② ❡①♣❡r✐♠❡♥ts s❤♦✇❡❞ ♣r♦♠✐s✐♥❣ r❡s✉❧ts
r❡❣❛r❞✐♥❣ t❤❡✐r ✉s❡ ❢♦r ❜✐♦♠❡❞✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳
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POx
POx
POx
+ TEA
POx
(a)
(b)
(c)
(d)
peptide
peptide
UV
CuAAC
POx
peptide
POx peptide
POx
peptide
POx
peptide
Dextransulfate
peptide-  -POx-  -peptide
❋✐❣✉r❡ ✹✳✷✶✿ ❆♣♣r♦❛❝❤❡s ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ♥♦♥✲❝♦✈❛❧❡♥t ❝r♦ss❧✐♥❦❡❞ P❖①✲
❞❡①tr❛♥s✉❧❢❛t❡ ❤②❞r♦❣❡❧s✳ ❇✐s❢✉♥❝t✐♦♥❛❧ P❖① ♦❢ ✭❛✮ ❛❧❧②❧ ❛♠✐♥❡✱ ✭❜✮ ♠❛❧❡✐♠✐❞❡✱ ✭❝✮ ♠❡t❤❛❝r②✲
❧❛t❡✱ ❛♥❞ ✭❞✮ ❛③✐❞❡ ❛r❡ ❧✐♥❦❡❞ ✇✐t❤ t❤❡ t❤✐♦❧✲❜❡❛r✐♥❣ ✭❝②st❡✐♥❡✮ ♣❡♣t✐❞❡ ✈✐❛ ✧t❤✐♦❧✲❡♥❡✧ ❝♦✉✲
♣❧✐♥❣ ✭✭❛✮ ❛♥❞ ✭❜✮✮✱ ♥✉❝❧❡♦♣❤✐❧✐❝ ❝❛t❛❧②③❡❞ ▼✐❝❤❛❡❧ ❛❞❞✐t✐♦♥ ✭❝✮ ♦r ❧✐♥❦❡❞ ✇✐t❤ ❛♥ ❛❧❦②♥❡✲
❢✉♥❝t✐♦♥❛❧✐③❡❞ ♣❡♣t✐❞❡ ✈✐❛ ❈✉❆❆❈ ✭❞✮✳ ❈♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ P❖①✲❞✐♣❡♣t✐❞❡ ✇✐t❤ ❞❡①tr❛♥✲
s✉❧❢❛t❡ ❧❡❛❞s t♦ ❛ ♥♦♥✲❝♦✈❛❧❡♥t ❝r♦ss❧✐♥❦❡❞ ❤②❞r♦❣❡❧✳ ❚❤❡ str✉❝t✉r❛❧ ❝❤❛♥❣❡ ♦❢ t❤❡ ♣❡♣t✐❞❡
❢r♦♠ r❛♥❞♦♠ ❝♦✐❧ t♦ α✲❤❡❧✐① ❡♥❛❜❧❡s str♦♥❣ ✐♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ❞❡①tr❛♥s✉❧❢❛t❡✳
❛❧❦②♥❡✲❛③✐❞❡ ✧❝❧✐❝❦✧✱ t❤✐♦❧✲❡♥❡ ✧❝❧✐❝❦✧ ❛♥❞ ▼✐❝❤❛❡❧ ❛❞❞✐t✐♦♥ ❛r❡ t❤❡ ♠♦st ♣r♦♠✐s✐♥❣
❧✐❣❛t✐♦♥ ♠❡t❤♦❞s ❬✷✽✽✱✷✽✾❪✱ α✱ω✲❢✉♥❝t✐♦♥❛❧✐③❡❞ P▼❡❖① ✇✐t❤ ♠❡t❤❛❝r②❧❛t❡ ✭P✹✮✱
♠❛❧❡✐♠✐❞❡ ✭P✶✸✱ P✶✹✮✱ ❛③✐❞❡ ✭P✶✺✮ ❛♥❞ ❛❧❧②❧ ✭P✶✻✮ ❡♥❞ ❣r♦✉♣s ✇❡r❡ s②♥t❤❡s✐③❡❞✳
❚❤✐♦❧✲❡♥❡ ✧❝❧✐❝❦✧ ✇✐t❤ ❯❱ ❛❝t✐✈❛t✐♦♥ ✭❛✮✱ ✇✐t❤♦✉t ❛❝t✐✈❛t✐♦♥ ✭❜✮✱ ❛♥❞ ♥✉❝❧❡♦♣❤✐❧✐❝
❝❛t❛❧②③❡❞ ▼✐❝❤❛❡❧ ❛❞❞✐t✐♦♥ ✭❝✮ ♦❢ t❤✐♦❧s ❛♥❞ ❞♦✉❜❧❡ ❜♦♥❞s ✇❡r❡ ❡①❡♠♣❧❛r✐❧② t❡st❡❞
✇✐t❤ ❣❧✉t❛t❤✐♦♥❡ ✭●❙❍✮ ❛♥❞ ✭❛✮ P✶✻✱ ✭❜✮ ✉♥♣r♦t❡❝t❡❞ P✶✸✱ P✶✹ ❛♥❞ ✭❝✮ P✹✴❚❊❆✳
❋♦r t❤❡ ❛❧❦②♥❡✲❛③✐❞❡ ✧❝❧✐❝❦✧ r❡❛❝t✐♦♥✱ P✶✺ ✇❛s ❝♦✉♣❧❡❞ ✇✐t❤ ❛❧❦②♥❡✲❜❡❛r✐♥❣ P✷ ✈✐❛
❈✉❆❆❈ ✭❋✐❣✉r❡ ✹✳✷✶✮✳ ❆ s✉❝❝❡ss❢✉❧ r❡❛❝t✐♦♥ ✇❛s ♣r♦✈❡❞ ✇✐t❤ 1❍✲◆▼❘ ❜②
❝♦♠♣❛r✐♥❣ t❤❡ ✐♥✐t✐❛t♦r ♣r♦t♦♥ s✐❣♥❛❧ ✶ ❛♥❞ ●❙❍ s✐❣♥❛❧ ✶✵ ♦r tr✐❛③♦❧❡ s✐❣♥❛❧ ✻✱
r❡s♣❡❝t✐✈❡❧② ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✷✳ 1❍✲◆▼❘ s♣❡❝tr❛ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣
♣r♦❞✉❝ts s❤♦✇ ❤✐❣❤ ❝♦✉♣❧✐♥❣ ❡✣❝✐❡♥❝✐❡s ❜❡t✇❡❡♥ ✽✵ ❛♥❞ ✶✵✵✪ ❢♦r ❛❧❧ ❢♦✉r
❛♣♣r♦❛❝❤❡s✳ ●❙❍✲❢✉♥❝t✐♦♥❛❧✐③❡❞ s❛♠♣❧❡s ❛❧s♦ s❤♦✇❡❞ ❛❧t❡r❡❞ ♣❤②s✐❝❛❧ ❜❡❤❛✈✐♦r ❛♥❞
✇❡r❡ ♥♦t s♦❧✈❛❜❧❡ ✐♥ ❞✐♠❡t❤②❧❛❝❡t❛♠✐❞❡ ✭❉▼❆❝✮ ❛♥②♠♦r❡ ❛s ❛♥ ✐♥❞✐❝❛t✐♦♥ ♦❢
s✉❝❝❡ss❢✉❧ ❧✐❣❛t✐♦♥✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤✐s ♠❛❞❡ ❛ ❉▼❆❝✲●P❈ ❛♥❛❧②s✐s ✐♠♣♦ss✐❜❧❡✳
❚❤❡ ❈✉❆❆❈✲♣r♦❞✉❝t ♦❢ P✷ ❛♥❞ P✶✺ s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r ❡❧✉t✐♦♥ t✐♠❡ ❛t
●P❈ ❛♥❛❧②s✐s✱ ❡✈✐♥❝✐♥❣ ❛♥ ❡✛❡❝t✐✈❡ ❝♦✉♣❧✐♥❣✳
❍♦✇❡✈❡r✱ ❢✉rt❤❡r ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❛ ❝②st❡✐♥❡ ❡♥❞✲❝❛♣♣❡❞ ♦❧✐❣♦✲♣❡♣t✐❞❡
✭❈❲●●❘●❉❙P●●✭❑❆✮7✮ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❩❤❛♥❣ ❣r♦✉♣ s❤♦✇❡❞ ✉♥❝❧❡❛r r❡s✉❧ts✳
❆♥❛❧②s✐s ♦❢ t❤❡ ❛❞❞✉❝ts ✇✐t❤ ▼❆▲❉■✲❚♦❋✲▼❙ r❡✈❡❛❧❡❞ ♥♦ s✐❣♥❛❧s✱ t❤❛t ❝♦✉❧❞ ❜❡
❛ss✐❣♥❡❞ t♦ t❤❡ ❞❡s✐r❡❞ ♣r♦❞✉❝t✳ ❚❤✐s ❞♦❡s ♥♦t ♥❡❝❡ss❛r✐❧② ♠❡❛♥s✱ t❤❛t ♥♦

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✺✸
❝♦♥❥✉❣❛t✐♦♥ ✇❛s ❢♦r♠❡❞ ❜❡❝❛✉s❡ t❤❡ ❧❛❜✐❧❡ ❜♦♥❞s ♠❛② ❜❡ ❝❧❡❛✈❡❞ ❞✉r✐♥❣ t❤❡
✐♦♥✐③❛t✐♦♥ ♣r♦③❡ss✳ ❍✐❣❤✲♣❡r❢♦r♠❛♥❝❡ ❧✐q✉✐❞ ❝❤r♦♠❛t♦❣r❛♣❤② ✭❍P▲❈✮ tr❛❝❡s ♦❢ t❤❡
❛❞❞✉❝t ❛❢t❡r ❝❧❡❛♥✐♥❣ s❤♦✇❡❞ ♣❡❛❦s ❞❡t❡❝t❡❞ ❛t ✷✼✽ ♥♠✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛ss✐❣♥❡❞ t♦
t❤❡ tr②♣t♦♣❤❛♥ ✭❲✮ ♦❢ t❤❡ ♣❡♣t✐❞❡✳ ❍♦✇❡✈❡r✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡
❝♦✉♣❧✐♥❣ ❡✣❝✐❡♥❝② ♦r ✇❤❡t❤❡r t❤❡ ♣❡♣t✐❞❡ ✇❛s ❥✉st ❡♥❝❛♣s✉❧❛t❡❞ ❜② t❤❡ ♣♦❧②♠❡r ♦r
t❡t❤❡r❡❞✳ ❋✐rst ❛♣♣r♦❛❝❤❡s t♦ ❢♦r♠ ❤②❞r♦❣❡❧s ♦❢ ♣❡♣t✐❞❡✲❝♦✉♣❧❡❞ P▼❡❖① ❛♥❞
❞❡①tr❛♥ s✉❧❢❛t❡ ❢❛✐❧❡❞✳ ❚❤❡r❡ ✇❛s ♦♥❧② ❛ ♣r❡❝✐♣✐t❛t✐♦♥ ❜✉t ♥♦ ❣❡❧❛t✐♦♥✳
❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ s❛♠❡ ♣r❡❝✐♣✐t❛t✐♦♥ ♦❝❝✉rr❡❞ ✇❤❡♥ ♠✐①✐♥❣ t❤❡ ✉♥❝♦✉♣❧❡❞ ♣❡♣t✐❞❡
❛♥❞ ❞❡①tr❛♥ s✉❧❢❛t❡✳ ❙♦ t❤❡r❡ ✇❛s ♥♦ ❝❧❡❛r ❡✈✐❞❡♥❝❡ ❢♦r ❛ s✉❝❝❡ss❢✉❧ ♣❡♣t✐❞❡✲❝♦✉♣❧✐♥❣
❜✉t ✜rst ✐♥❞✐❝❛t✐♦♥s t❤❛t P❖① ✇✐t❤ s♦♠❡ ♠♦❞✐✜❝❛t✐♦♥s ❛r❡ ❛❜❧❡ t♦ r❡♣❧❛❝❡ P❊● ✐♥
t❤✐s ❝♦♥t❡①t✳
✹✳✷✳✹ ❍②❞r♦❣❡❧s ❜② ♦①✐♠❡ ❧✐❣❛t✐♦♥
❚❤❡ ❢♦r♠❛t✐♦♥ ♦❢ P❖①✲❜❛s❡❞ ❤②❞r♦❣❡❧s ❜② ♦①✐♠❡ ❧✐❣❛t✐♦♥ ✇❛s ✐♥s♣✐r❡❞ ❜② t❤❡
❞✐ss❡rt❛t✐♦♥ ♦❢ ❘♦❜❡rt ▲✉①❡♥❤♦❢❡r ❬✷✾✵❪✱ ✇❤♦ ♣r❡♣❛r❡❞ ❛③✐♥❡ ❛♥❞ ✐♠✐♥❡ ❝r♦ss❧✐♥❦❡❞
❤②❞r♦❣❡❧s ✇❤✐❝❤ ❛r❡ ❡①♣❡❝t❡❞ t♦ ✉♥❞❡r❣♦ ♣❍ ❞❡♣❡♥❞❡♥t ❤②❞r♦❧②s✐s ❛♥❞ ❤❡♥❝❡ ❛r❡
❞❡❣r❛❞❛❜❧❡✳ ❍❡ ❛❧s♦ ♠❡♥t✐♦♥❡❞ t❤❡ r❡❛❝t✐♦♥ ♦❢ ❛♠✐♥♦♦①②✲❣r♦✉♣s ❛♥❞ ❛❧❞❡❤②❞❡s ❢♦r
♦①✐♠❡ ❧✐❣❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ✉s❡❢✉❧ ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ♣❍ ❞❡❣r❛❞❛❜❧❡
❤②❞r♦❣❡❧s ✭❋✐❣✉r❡ ✹✳✷✸✮✱ ❛s ❛❧r❡❛❞② s❤♦✇♥ ❢♦r P❊●✲❜❛s❡❞ ♠❛t❡r✐❛❧ ❬✷✾✶✱✷✾✷❪✳ ❚❡r♠✐♥❛❧
POx POx
(a)
(b)
POx POx
POx
POx POx
POx-aldehyde
Glutaraldehyde
aminooxy-POx
❋✐❣✉r❡ ✹✳✷✸✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❤②❞r♦❣❡❧s ✈✐❛ ♦①✐♠❡ ❧✐❣❛t✐♦♥ ♠❛❞❡ ♦❢ st❛r✲❧✐❦❡
P▼❡❖① ❢✉♥❝t✐♦♥❛❧✐③❡❞ ✇✐t❤ ❛♠✐♥♦♦①②✲❣r♦✉♣s ❝♦♠❜✐♥❡❞ ✇✐t❤ ❡✐t❤❡r ❛❧❞❤②❞❡✲❜❡❛r✐♥❣ P❖①
❝♦♣♦❧②♠❡rs ♦r ❣❧✉t❛r❛❧❞❡❤②❞❡✳
❛♠✐♥♦♦①②✲❣r♦✉♣s ❛r❡ ❛❝❝❡ss✐❜❧❡ t❤r♦✉❣❤ ◆✲❤②❞r♦①②♣❤t❤❛❧✐♠✐❞❡ ✭❚✷✮ ❛s t❡r♠✐♥❛t✐♥❣
❛❣❡♥t ✐♥ t❤❡ ▲❈❘❖P ♦❢ P❖① ❛♥❞ ❛ s✉❜s❡q✉❡♥t ❞❡♣r♦t❡❝t✐♦♥ ✇✐t❤ ❤②❞r❛③✐♥❡✳ ❆
❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ s♦✉r❝❡ ♦❢ ❛ ♠✉❧t✐✲❢✉♥❝t✐♦♥❛❧ ❛❧❞❡❤②❞❡ ✐s ❣❧✉t❛r❛❧❞❡❤②❞❡
✭●❆✮✱ ❛ ❢r❡q✉❡♥t❧② ✉s❡❞ ❝♦♠♣♦✉♥❞ ❢♦r ❝r♦ss❧✐♥❦✐♥❣ ❛♥❞ ✜①❛t✐♦♥ ✐♥ ❜✐♦❧♦❣✐❝❛❧
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✹✳✷✳✺ ❙✉♠♠❛r②
■♥ ❝❤❛♣t❡r ✹✳✷✱ s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s ❢♦r t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ ❤②❞r♦❣❡❧s ❜❛s❡❞ ♦♥ P❖①
❤❛✈❡ ❜❡❡♥ ♣r❡s❡♥t❡❞✳ ❋♦r ❤②❞r♦❣❡❧s ❜❛s❡❞ ♦♥ ♠❡t❤❛❝r②❧❛t❡ ❝♦♠♣♦✉♥❞s✱ ❛ ❤✉❣❡
❧✐❜r❛r② ♦❢ ❤②❞r♦❣❡❧s ✇✐t❤ ✈❛r✐❛❜❧❡ ❝r♦ss❧✐♥❦❡rs✱ ❝♦♠♦♥♦♠❡rs ❛♥❞ ❝♦♠♣♦s✐t✐♦♥s ❤❛✈❡
❜❡❡♥ ❢❛❜r✐❝❛t❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞ ✇✐t❤ r❡s♣❡❝t t♦ s✇❡❧❧✐♥❣ ❞❡❣r❡❡ ❛♥❞ st✐✛♥❡ss✳ ❚❤❡
s✇❡❧❧✐♥❣ ❞❡❣r❡❡s ❝♦♥s✐st❡♥t❧② ✐♥❝r❡❛s❡❞ ✇✐t❤ ❛ ❤✐❣❤❡r ❛r❝ ❧❡♥❣t❤ ✐♥ t❤❡ ❤②❞r♦❣❡❧
♥❡t✇♦r❦ ❛♥❞ ✇❡r❡ r❡♠❛r❦❛❜❧② ❤✐❣❤ ❢♦r ❤②❞r♦❣❡❧s ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♠♦♥♦♠❡rs
▼❊❚❆❈ ❛♥❞ ❙P▼❆ ✇✐t❤ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ ✽✵✵✵✪✳ ❍♦✇❡✈❡r✱ t❤❡ ❡❧❛st✐❝✐t✐❡s
s❤♦✇❡❞ ♠♦r❡ ❝♦♠♣❧❡① tr❡♥❞s ✇✐t❤ ❛ ❝♦♥tr❛r② ✐♠♣❛❝t ♦❢ ❛r❝ ❧❡♥❣t❤ ✈s ❡❧❡❝tr♦st❛t✐❝
r❡♣✉❧s✐♦♥ ❢♦r t❤❡ ✐♦♥✐❝ ❤②❞r♦❣❡❧s✳ ❋♦r ▼❊❚❆❈✲❤②❞r♦❣❡❧s✱ ❛♥ ✐♥❝r❡❛s✐♥❣ ❝♦♥s❡❝✉t✐✈❡
❝♦♠♦♥♦♠❡r ♣r♦♣♦rt✐♦♥ ❧❡❞ t♦ st✐✛❡r ❣❡❧s ✇❤✐❧❡✱ ❢♦r ❙P▼❆✲❤②❞r♦❣❡❧s✱ t❤❡ ❛r❝ ❧❡♥❣t❤
❤❛❞ ♠♦r❡ ✐♥✢✉❡♥❝❡ ✉♣♦♥ t❤❡ st✐✛♥❡ss✳ ❋✉rt❤❡r♠♦r❡✱ P❖① ❝r♦ss❧✐♥❦❡rs ❤❛✈❡ ❜❡❡♥
✉s❡❞ t♦ ❝r❡❛t❡ ❜✐♦❤②❜r✐❞ ❤②❞r♦❣❡❧s ✇✐t❤ ❤❡♣❛r✐♥ ♦r ❞❡①tr❛♥ s✉❧❢❛t❡✳ ❖♥ ♦♥❡ ❤❛♥❞✱ ❛
❝♦✈❛❧❡♥t ♥❡t✇♦r❦ ✇❛s r❡❛❧✐③❡❞ ✈✐❛ t❤✐♦❧✲❡♥❡ ▼✐❝❤❛❡❧ ❛❞❞✐t✐♦♥ ♦❢ t❤✐♦❧✲❜❡❛r✐♥❣ P▼❡❖①
❝r♦ss❧✐♥❦❡r ❛♥❞ ♠❛❧❡✐♠✐❞❡✲❢✉♥❝t✐♦♥❛❧✐③❡❞ ❤❡♣❛r✐♥✳ ❍❡r❡✱ t❤❡ st✐✛♥❡ss ❝♦✉❧❞ ❜❡ t✉♥❡❞
♦✈❡r t❤❡ ❝r♦ss❧✐♥❦❡r ❝❤❛✐♥ ❧❡♥❣t❤✱ ❝r♦ss❧✐♥❦✐♥❣ ❞❡❣r❡❡✱ ❛♥❞ t❤❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ ❚❈❊P✱
t♦ r❡❞✉❝❡ t❤❡ ❞❡❢❡❝t str✉❝t✉r❡ ♦❢ t❤❡ ♥❡t✇♦r❦✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❜✐s❢✉♥❝t✐♦♥❛❧
P▼❡❖① ❤❛✈❡ ❜❡❡♥ ❢✉♥❝t✐♦♥❛❧✐③❡❞ t♦ ❝r❡❛t❡ ❛ ♥♦♥✲❝♦✈❛❧❡♥t ❜✐♦❤②❜r✐❞ ❤②❞r♦❣❡❧✳
❉✐✛❡r❡♥t ❡♥❞ ❣r♦✉♣s ❤❛✈❡ ❜❡❡♥ ✐♥tr♦❞✉❝❡❞ ❛♥❞ t❡st❡❞ ❢♦r ❝♦✉♣❧✐♥❣ ✇✐t❤ s✉✐t❛❜❧❡
♠♦❞❡❧ ❝♦♠♣♦✉♥❞s✳ ❲❤✐❧❡ ❛ s✉❝❝❡ss❢✉❧ ❧✐❣❛t✐♦♥ ✇✐t❤ t❤❡ ♠♦❞❡❧ ❝♦♠♣♦✉♥❞s ❝♦✉❧❞ ❜❡
✈❡r✐✜❡❞✱ ❛ ❝♦✉♣❧✐♥❣ ✇✐t❤ t❤❡ ❞❡s✐r❡❞ ♣❡♣t✐❞❡ s❡q✉❡♥❝❡ ❝♦✉❧❞ ♥♦t ❜❡ ❛ss❡ss❡❞ ♣r♦♣❡r❧②
❛♥❞ ❣❡❧❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ❢❛✐❧❡❞✳ ❋✐♥❛❧❧②✱ t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ ❛ ♣❍✲s❡♥s✐t✐✈❡ ❤②❞r♦❣❡❧
✈✐❛ ♦①✐♠❡ ❧✐❣❛t✐♦♥ ♦❢ ❛♠✐♥♦♦①②✲P❖① ❛♥❞ ❛❧❞❡❤②❞❡s ✇❛s ❛tt❡♠♣t❡❞ ❜✉t ♥♦t
s✉❝❝❡ss❢✉❧✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✺✻
✹✳✸ P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮✲❜❛s❡❞ ♠✐❝r♦❜❡❛❞s
❚❤❡ ♠❛❥♦r ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s ✇♦r❦ ✇❛s t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ ♠♦♥♦❞✐s♣❡rs❡ ♠✐❝r♦❜❡❛❞s
❜❛s❡❞ ♦❢ P❖① ❛♥❞ t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥ ❛s ♠✐❝r♦❝❛rr✐❡r ❢♦r r❡❣❡♥❡r❛t✐✈❡ t❤❡r❛♣✐❡s ❛♥❞
❝❡❧❧ ❡①♣❛♥s✐♦♥✳ ❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s❧② ♣r❡s❡♥t❡❞ r❡s✉❧ts✱ t❤❡ ❤②❞r♦❣❡❧s ❝♦♥s✐st✐♥❣
♦❢ ♠❡t❤❛❝r②❧❛t❡ ❝♦♠♣♦✉♥❞s ❛r❡ t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ♠❛t❡r✐❛❧s t♦ ❢✉❧✜❧❧ t❤❡ ❝r✉❝✐❛❧
r❡q✉✐r❡♠❡♥ts s✉❝❤ ❛s ♠♦❞✉❧❛r✐t②✱ t✉♥❛❜✐❧✐t② ❛♥❞ ♣♦t❡♥t✐❛❧ ❞❡❣r❛❞❛❜✐❧✐t②✳ ❋♦r t❤❡
❢❛❜r✐❝❛t✐♦♥ ♦❢ ❤②❞r♦❣❡❧ ♠✐❝r♦❜❡❛❞s✱ s❡✈❡r❛❧ ♠❡t❤♦❞s ❛r❡ ❛✈❛✐❧❛❜❧❡ s✉❝❤ ❛s ❞✐s♣❡rs✐♦♥✱
♣r❡❝✐♣✐t❛t✐♦♥ ❛♥❞ ✐♥✈❡rs❡ ❡♠✉❧s✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡s✱ s♣r❛② ❞r②✐♥❣✱ ♦r ❝♦❛❝❡r✈❛t✐♦♥
❧❡❛❞✐♥❣ t♦ ✈❛r✐♦✉s ♣❛rt✐❝❧❡ s✐③❡s ❛♥❞ ❞✐str✐❜✉t✐♦♥s ❬✶✶✼❪✳ ❍❡r❡✱ t✇♦ ❞✐✛❡r❡♥t
❛♣♣r♦❛❝❤❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞✳ ❋✐rst✱ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ♠❡t❤♦❞ ❜② ✇✴♦ ❡♠✉❧s✐♦♥
♣♦❧②♠❡r✐③❛t✐♦♥ ✐♥ ❜❛t❝❤✱ ✇❤✐❝❤ ✐s s✐♠♣❧❡ ❛♥❞ ❡❛s② t♦ ♣❡r❢♦r♠✳ ❙❡❝♦♥❞✱ t❤❡ ❢♦r♠❛t✐♦♥
♦❢ ♠✐❝r♦❜❡❛❞s ❜② ♠✐❝r♦✢✉✐❞✐❝s ❛s ❛ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ♠❡t❤♦❞ ✇✐t❤ ❛ ❜❡tt❡r ❝♦♥tr♦❧
♦✈❡r ♠♦r♣❤♦❧♦❣②✱ s✐③❡✱ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❡✈❡♥ t❤❡ s❤❛♣❡ ❬✷✾✺✕✷✾✽❪✳ ❚❤❡ ♣r❡♣❛r❛t✐♦♥
♦❢ t✉♥❛❜❧❡✱ ♠♦♥♦❞✐s♣❡rs ♠✐❝r♦❜❡❛❞s ✇✐t❤ ❜♦t❤ t❡❝❤♥✐q✉❡s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧✳
❋♦r ❜❡tt❡r ❛ss✐❣♥♠❡♥t ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣✱ ❢♦❧❧♦✇✐♥❣ ❛❜❜r❡✈✐❛t✐♦♥s ❢♦r ❞✐✛❡r❡♥t
♠✐❝r♦❜❡❛❞s ❛r❡ ✉s❡❞ t♦ ❞✐st✐♥❣✉✐s❤ t❤❡ ✈❛r✐♦✉s ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ❝♦♠♣♦♥❡♥ts✿
• ✶✳ ❢❛❜r✐❝❛t✐♦♥ ♠❡t❤♦❞✿
❇ ❂ ❡♠✉❧s✐♦♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ✐♥ ❜❛t❝❤
▼ ❂ ❡♠✉❧s✐♦♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ✈✐❛ ♠✐❝r♦✢✉✐❞✐❝
• ✷✳ t❤❡ ❧❡♥❣t❤ ♦❢ ❝r♦ss❧✐♥❦❡r ❬♠♦♥♦♠❡r ✉♥✐ts❪✿
✶✵
✸✵
• ✸✳ r❛t✐♦ ❝r♦ss❧✐♥❦❡r✿❝♦♠♦♥♦♠❡r ❬✪✇t✿❪
✶ ❂ ✼✵✿✸✵
✷ ❂ ✺✵✿✺✵
✸ ❂ ✸✵✿✼✵
• ✹✳ t②♣❡ ♦❢ ❝♦♠♦♥♦♠❡r✿
❍ ❂ ❍❊▼❆
▼ ❂ ▼❊❚❆❈
❙ ❂ ❙P▼❆
❋♦r ❡①❛♠♣❧❡▼✲✸✵✲✷✲▼ ❛r❡ ♠✐❝r♦❜❡❛❞s ♣r♦❞✉❝❡❞ ❜② ♠✐❝r♦✢✉✐❞✐❝ ✇✐t❤ t❤❡ P▼❡❖①30✲
❉▼❆ ❝r♦ss❧✐♥❦❡r ♠✐①❡❞ ✐♥ ❛ ✺✵✿✺✵ r❛t✐♦ ✇✐t❤ ▼❊❚❆❈✳ ❙♣❡❝✐❛❧ ❧❛❜❡❧s ❛r❡ ❢✉rt❤❡r
❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ t❡①t✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✺✼
Initiator
Aqueous phase
Oil phase
Droplets Microbeads
❋✐❣✉r❡ ✹✳✷✺✿ ●❡♥❡r❛❧ st❡♣s ❢♦r ♣r❡♣❛r❛t✐♦♥ ♦❢ ♠✐❝r♦❜❡❛❞s ❜② ✐♥✈❡rs❡ ❡♠✉❧s✐♦♥ ♣♦❧②♠❡r✐③❛✲
t✐♦♥ ✐♥ ❜❛t❝❤ ❜② ♠✐①✐♥❣✱ st✐rr✐♥❣ ❛♥❞ ❝r♦ss❧✐♥❦✐♥❣✳ ■♥ t❤✐s ✇♦r❦✱ t❤❡ ❛q✉❡♦✉s ♣❤❛s❡ ❝♦♥t❛✐♥s
❝r♦ss❧✐♥❦❡r✱ ❝♦♠♦♥♦♠❡r✱ ❛♥❞ ✐♥✐t✐❛t♦r✱ ✇❤✐❧❡ t❤❡ ♦✐❧ ♣❤❛s❡ ❝♦♥t❛✐♥s ❛ s✉r❢❛❝t❛♥t ❢♦r ♠✐❝r♦❜❡❛❞
st❛❜✐❧✐③❛t✐♦♥✳
✹✳✸✳✶ ❋❛❜r✐❝❛t✐♦♥ ❜② ✐♥✈❡rs❡ ❡♠✉❧s✐♦♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ✐♥ ❜❛t❝❤
❆t ✜rst✱ ❛ s✐♠♣❧❡ ❜❛t❝❤ ✐♥✈❡rs❡ ❡♠✉❧s✐✜❝❛t✐♦♥ ♠❡t❤♦❞ ✇❛s ♣❡r❢♦r♠❡❞ ❛ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✷✺✳ ■♥ ❣❡♥❡r❛❧✱ ✐t ✐s ❛ ✷ ♣❤❛s❡ ♠✐①✐♥❣ ♦❢ t✇♦ ✐♠♠✐s❝✐❜❧❡ ❧✐q✉✐❞s✱ ❡✳❣✳ ♦✐❧ ❛♥❞
✇❛t❡r✱ ❛♥❞ s✉❜s❡q✉❡♥t st✐rr✐♥❣ t♦ ♦❜t❛✐♥ s♠❛❧❧ ❞r♦♣❧❡ts ♦❢ ♠✐❝r♦♠❡t❡r t♦ ♥❛♥♦♠❡t❡r
s✐③❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ st✐rr✐♥❣ ✈❡❧♦❝✐t②✳ ❚♦ st❛❜✐❧✐③❡ t❤❡s❡ ❞r♦♣❧❡ts ❛ s✉r❢❛❝t❛♥t
✭❙P❆◆✽✵ ❘©✮ ✇❛s ❛❞❞❡❞ t♦ t❤❡ ♦✐❧ ♣❤❛s❡✳ ■❢ t❤❡ ✇❛t❡r ♣❤❛s❡ ❝♦♥t❛✐♥s ❝♦♠♣♦✉♥❞s
t❤❛t ❝❛♥ ❜❡ ❝r♦ss❧✐♥❦❡❞✱ ♠✐❝r♦❣❡❧ ♣❛rt✐❝❧❡s ❝❛♥ ❜❡ ♣r❡♣❛r❡❞ ✐♥ ❛ s♣❤❡r✐❝❛❧ s❤❛♣❡✳
❋✐rst✱ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ P✸ ♦r P✹ ✇✐t❤ ❍❊▼❆ ✇❛s t❡st❡❞ ❛♥❞ t❤❡ ❢r❡❡ r❛❞✐❝❛❧
♣♦❧②♠❡r✐③❛t✐♦♥ ✇❛s ✐♥✐t✐❛t❡❞ ❜② ❛♠♠♦♥✐✉♠ ♣❡rs✉❧❢❛t❡✴t❡tr❛♠❡t❤②❧❡t❤②❧❡♥❡❞✐❛♠✐♥❡
✭❆P❙✴❚▼❊❉❆✮✳ ❱❛r✐♦✉s ♦✐❧ ♣❤❛s❡s ❢r♦♠ ♥✲❤❡♣t❛♥❡ t♦ ❞♦❞❡❝❛♥❡ t♦ ♣❛r❛✣♥ ♦✐❧✱
❞✐✛❡r❡♥t t②♣❡s ❛♥❞ ❛♠♦✉♥ts ♦❢ s✉r❢❛❝t❛♥ts✱ ✈❛r②✐♥❣ ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ st✐rr❡r ❛♥❞
st✐rr✐♥❣ ✈❡❧♦❝✐t✐❡s ❤❛✈❡ ❜❡❡♥ t❡st❡❞ t♦ ②✐❡❧❞ ♠♦♥♦❞✐s♣❡rs ❛♥❞ st❛❜❧❡ ♠✐❝r♦❜❡❛❞s✳
■♥❞❡❡❞✱ t❤❡ ❜❛t❝❤ ✐♥✈❡rs❡ ❡♠✉❧s✐♦♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ✇✐t❤ P✸ ❛♥❞ P✹ ❛♥❞ ❍❊▼❆ ❛s
t❤❡ ❝♦♠♦♥♦♠❡r r❡❛❞✐❧② r❡s✉❧t❡❞ ✐♥ st❛❜❧❡ ♠✐❝r♦❜❡❛❞s ♦❢ ✈❛r✐♦✉s s✐③❡s✳ ❍♦✇❡✈❡r✱
✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡ ❜❡❛❞s ❜② ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣② ✭❋✐❣✉r❡ ✹✳✷✻✮ r❡✈❡❛❧❡❞ t❤❡ ❢♦r♠❛t✐♦♥
♦❢ ✐rr❡❣✉❧❛r ♣❛rt✐❝❧❡s ✇✐t❤ ✐♥❝❧✉s✐♦♥s ❛♥❞ ♣r♦tr✉t✐♦♥s✱ ✈❡r② ❜r♦❛❞ ❞✐s♣❡rs✐t✐❡s ❛♥❞
✐♥❤♦♠♦❣❡♥❡♦✉s ❝♦r❡s ✭✐✳❡✳ ❞♦✉❜❧❡ ❡♠✉❧s✐♦♥s✮✳ ❚❤✐s ✐s ❞✉❡ t♦ ❛ r❡❧❛t✐✈❡❧②
✉♥❝♦♥tr♦❧❧❡❞ ❞r♦♣❧❡t ❢♦r♠❛t✐♦♥✱ t❤❡ ❤✐❣❤ s❤❡❛r ❢♦r❝❡s ✐♥❞✉❝❡❞ ❜② t❤❡ st✐rr✐♥❣ ❛♥❞
♠❛②❜❡ ❛ t♦♦ ❤✐❣❤ ❛♠♦✉♥t ♦❢ s✉r❢❛❝t❛♥t✳ ❚❤❡r❡❢♦r❡✱ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ ❜❡❡♥
❝♦♥❞✉❝t❡❞ t♦ r❡✈❡❛❧ t❤❡ ❧♦✇❡st ❛♠♦✉♥t ♦❢ ❙P❆◆✽✵❘© t❤❛t st✐❧❧ st❛❜✐❧✐③❡s t❤❡ ❡♠✉❧s✐♦♥
❛♥❞ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✹ ❣✴▲✳ ❚❤❡ ❧♦✇❡r❡❞ ❛♠♦✉♥t ♦❢ s✉r❢❛❝t❛♥t ✐♠♣r♦✈❡❞ t❤❡ ♣❛rt✐❝❧❡
s❤❛♣❡ t♦ ❤❛✈❡ ❧❡ss ❝❛✈✐t✐❡s ❛♥❞ ✐♥❝❧✉s✐♦♥s ❜✉t t❤❡② ✇❡r❡ st✐❧❧ ♣r❡s❡♥t✳ ❙✉❝❤
✐rr❡❣✉❧❛r✐t✐❡s ✇❡r❡ ❛❧s♦ ❢♦✉♥❞ ❢♦r t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✇✐t❤✐♥ ♦♥❡








❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✻✻
❚❛❜❧❡ ✹✳✶✶✿ ❙✉♠♠❛r② ♦❢ ❛❧❧ ❞✐✛❡r❡♥t ❝♦♠♣♦s✐t✐♦♥s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠✐❝r♦❜❡❛❞s✳
❈♦♠♦♥♦♠❡r
❘❛t✐♦ ❈r♦ss❧✐♥❦❡r
❬✇t✪❪ P▼❡❖①10 P▼❡❖①30 P▼❡❖①30✲❉❙
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✼✵ ✿ ✸✵ ▼✲✶✵✲✶✲❍ ▼✲✸✵✲✶✲❍ ▼✲✸✵✲✶✲❍✲❉❙
✺✵ ✿ ✺✵ ▼✲✶✵✲✷✲❍ ▼✲✸✵✲✷✲❍ ✲
▼❊❚❆❈
✼✵ ✿ ✸✵ ▼✲✶✵✲✶✲▼ ▼✲✸✵✲✶✲▼ ▼✲✸✵✲✶✲▼✲❉❙
✺✵ ✿ ✺✵ ▼✲✶✵✲✷✲▼ ▼✲✸✵✲✷✲▼ ▼✲✸✵✲✷✲▼✲❉❙
✸✵ ✿ ✼✵ ▼✲✶✵✲✸✲▼ ▼✲✸✵✲✸✲▼ ▼✲✸✵✲✸✲▼✲❉❙
❙P▼❆
✼✵ ✿ ✸✵ ▼✲✶✵✲✶✲❙ ▼✲✸✵✲✶✲❙ ▼✲✸✵✲✶✲❙✲❉❙
✺✵ ✿ ✺✵ ▼✲✶✵✲✷✲❙ ▼✲✸✵✲✷✲❙ ▼✲✸✵✲✷✲❙✲❉❙
✸✵ ✿ ✼✵ ▼✲✶✵✲✸✲❙ ▼✲✸✵✲✸✲❙ ▼✲✸✵✲✸✲❙✲❉❙
❙P▼❆ ✇❡r❡ s✉❝❝❡ss❢✉❧❧② ♣r♦❞✉❝❡❞✳ ❚❤❡ ♠✐❝r♦❜❡❛❞ ❞❡❣r❛❞❛t✐♦♥ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥
❞❡t❛✐❧ ✭✹✳✹✳✺✮✳
✹✳✸✳✸ ❙✉♠♠❛r②
■♥ ❝♦♥❝❧✉s✐♦♥✱ ❜② t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣♦s✐t✐♦♥✱ t❤❡ ❝♦♠♦♥♦♠❡r✱ t❤❡ ✉s❡❞ P❖①
❝r♦ss❧✐♥❦❡r ❛♥❞ t❤❡ ♦r❣❛♥✐❝ ❝♦♥t❡♥t✱ ♠✐❝r♦❜❡❛❞s ✇✐t❤ ❨♦✉♥❣✬s ♠♦❞✉❧✐ ❢r♦♠ ✷ ❦P❛ ✉♣
t♦ ✷✷ ❦P❛ ❛r❡ ❛❝❝❡ss✐❜❧❡ ✐♥ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ s✐③❡✱ ✇✐t❤ ❧♦✇ ❞✐s♣❡rs✐t✐❡s ❛♥❞ ❛❞❥✉st❛❜❧❡
❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ❧✐❦❡ ♥❡t✲❝❤❛r❣❡ ❛♥❞ ❞❡❣r❛❞❛❜✐❧✐t②✳ ❋✐❣✉r❡ ✹✳✶✶ s❤♦✇s ❛❧❧ ❞✐✛❡r❡♥t
♠✐❝r♦❜❡❛❞s ❢❛❜r✐❝❛t❡❞ ✐♥ t❤✐s ✇♦r❦✳ ■♥ ❡❛r❧② st✉❞✐❡s✱ ❉✐s❝❤❡r ❡t ❛❧✳ ❬✼✵✱ ✸✵✸❪ ♣♦✐♥t❡❞
♦✉t t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ ❤②❞r♦❣❡❧ s✉❜str❛t❡s ♣❧❛②s ❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ✐♥ t❤❡ ❝❡❧❧
❞✐✛❡r❡♥t✐❛t✐♦♥ ♦❢ ❛❞❤❡r❡❞ st❡♠ ❝❡❧❧s✳ ❆❧t❤♦✉❣❤ ❧❛t❡r st✉❞✐❡s ❣❛✈❡ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞
♣✐❝t✉r❡ ❬✼✷❪ t❤✐s s♣❡❝✐✜❝ ❛s♣❡❝t ✇✐❧❧ ❜❡ ♦❢ ✐♥t❡r❡st ❢♦r ❢✉t✉r❡ st✉❞✐❡s ✉s✐♥❣ t❤❡ ❤❡r❡
❞❡s❝r✐❜❡❞ ♠✐❝r♦❜❡❛❞s✳ ❋✉rt❤❡r♠♦r❡✱ P❖① ❝❤❡♠✐str② r❡❛❞✐❧② ❛❧❧♦✇s ✐♥❝♦r♣♦r❛t✐♦♥ ♦❢
❛❞❞✐t✐♦♥❛❧ ❛❞❤❡s✐♦♥ ♠♦t✐❢s ❛s ✇❡❧❧ ❛s ❣r♦✇t❤ ❢❛❝t♦rs ❜② ❝❤❡♠✐❝❛❧ ❧✐❣❛t✐♦♥ ❛s r❡❝❡♥t❧②
❞❡♠♦♥str❛t❡❞ ❜② ❉❛r❣❛✈✐❧❧❡ ❡t ❛❧✳ ❬✶✾✷❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s✉r❢❛❝❡ ♠♦❞✐✜❝❛t✐♦♥s ❧✐❦❡
❝♦❛t✐♥❣s ❝❛♥ ❡♥❤❛♥❝❡ t❤❡ ❛♣♣❧✐❝❛❜✐❧✐t② t♦✇❛r❞s ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛♥❞ r❡❣❡♥❡r❛t✐✈❡
t❤❡r❛♣✐❡s✳ ❲✐t❤ t❤❡ ♠✐❝r♦❜❡❛❞s ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s st✉❞②✱ ❢✉❧❧② s②♥t❤❡t✐❝ ❛♥❞ ✇❡❧❧
❝♦♥tr♦❧❧❡❞ ✸❉ ♠❛tr✐❝❡s ♦❢ ✈❡r② ❞✐✛❡r❡♥t ❡❧❛st✐❝✐t② ♠✐♠✐❝❦✐♥❣ s♦❢t✱ ❜r❛✐♥ ❧✐❦❡ t✐ss✉❡✱
♠✉s❝❧❡ ✉♣ t♦ ❝♦❧❧❛❣❡♥❡♦✉s ♠❛t❡r✐❛❧ ❛r❡ ❛❝❝❡ss✐❜❧❡ ✐♥ ❛ ❢❛❝✐❧❡ ❛♥❞ r❡♣r♦❞✉❝✐❜❧❡
♠❛♥♥❡r✳
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✻✼
✹✳✹ P♦❧②✭✷✲♦①❛③♦❧✐♥❡✮✲❜❛s❡❞ ♠✐❝r♦❝❛rr✐❡rs
❆❢t❡r ❝r♦ss❧✐♥❦❡r s②♥t❤❡s✐s✱ ❤②❞r♦❣❡❧ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ♠✐❝r♦❜❡❛❞ ❢♦r♠❛t✐♦♥✱ t❤❡
s✉✐t❛❜✐❧✐t② ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞s✱ s②♥t❤❡s✐③❡❞ ❜② ▼❋✱ ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❢♦r ❝❡❧❧
❝✉❧t✐✈❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡✐r ♣♦t❡♥t✐❛❧ ❢♦r ✐♥ ✈✐tr♦ ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥ ❛♥❞
r❡❣❡♥❡r❛t✐✈❡ t❤❡r❛♣✐❡s✳ ❙❡✈❡r❛❧ ❝❡❧❧ ❧✐♥❡s ✇✐t❤ ❞✐✛❡r❡♥t ❞❡♠❛♥❞s ✉♣♦♥ ❛❞❤❡s✐♦♥ ✇❡r❡
t❡st❡❞ ❜❡❣✐♥♥✐♥❣ ❢r♦♠ ♠♦❞❡st ❤✉♠❛♥ ❡♠❜r②♦♥✐❝ ❦✐❞♥❡② ❝❡❧❧s ✭❍❊❑ ❝❡❧❧s✮✱ t♦ ❤✉♠❛♥
♠❡s❡♥❝❤②♠❛❧ st❡♠ ❝❡❧❧s ✭❤▼❙❈✮ t✐❧❧ ❤✐❣❤❧② ❞❡♠❛♥❞✐♥❣ ❡♠❜r②♦♥✐❝ r❛t ❤✐♣♣♦❝❛♠♣❛❧
♥❡✉r♦♥s✳ ❋✐rst✱ s✉r❢❛❝❡ ♠♦❞✐✜❝❛t✐♦♥s ✇✐t❤ ❛❞❤❡s✐♦♥ ❧✐❣❛♥❞s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ t♦
❡♥❛❜❧❡ ❛♥❞ ✐♠♣r♦✈❡ ❝❡❧❧ ❛tt❛❝❤♠❡♥t ❛♥❞ ❝❡❧❧ ✈✐❛❜✐❧✐t②✳
✹✳✹✳✶ ▼✐❝r♦❜❡❛❞ ♠♦❞✐✜❝❛t✐♦♥ ❢♦r ❝❡❧❧ ❛tt❛❝❤♠❡♥t
Pr❡✈✐♦✉s r❡s✉❧ts ❞❡♠♦♥str❛t❡ t❤❡ ❣❡♥❡r❛❧ ❛♥t✐✲❜✐♦❢♦✉❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❤②❞r♦♣❤✐❧✐❝
P▼❡❖① ❜♦tt❧❡✲❜r✉s❤ ❜r✉s❤❡s ❛tt❛❝❤❡❞ ♦♥ s✉r❢❛❝❡s ❞✉❡ t♦ t❤❡✐r ❤✐❣❤❧② s✇♦❧❧❡♥ st❛t❡
❛♥❞ t❤❡r❡❢♦r❡ ❞✐st✐♥❝t ✇❛t❡r s❤❡❧❧ t❤❛t ♣r❡✈❡♥t ♣r♦t❡✐♥ ❛❞s♦r♣t✐♦♥ ❛♥❞ ❝❡❧❧
❛❞❤❡s✐♦♥ ❬✷✺✶✱✷✺✻❪✳ ❆s ♦♥❧② ❤②❞r♦♣❤✐❧✐❝ ❛♥❞ ❤✐❣❤❧② s✇♦❧❧❡♥ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ✉s❡❞ ✐♥
t❤✐s ✇♦r❦✱ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r ✇❛s ❛ss✉♠❡❞ ❛♥❞ ❝♦♥✜r♠❡❞ ❬✸✵✹❪✳ ■♥ s♦♠❡ ❝❛s❡s ❛
♠✐❝r♦❜❡❛❞ ♠♦❞✐✜❝❛t✐♦♥ ♣r✐♦r t♦ ❝❡❧❧ ❛❞❤❡s✐♦♥ ❡①♣❡r✐♠❡♥ts ✇❛s r❡q✉✐r❡❞✳ ❆
str❛✐❣❤t✲❢♦r✇❛r❞ ❛♣♣r♦❛❝❤ ✇❛s ❢♦✉♥❞ ✐♥ ❧❛②❡r✲❜②✲❧❛②❡r ✭▲❇▲✮ ❝♦❛t✐♥❣ ❬✸✵✺❪✱ ♠♦❞✐✜❡❞
❜② t❤❡ ❣r♦✉♣ ♦❢ ❙♦♣❤✐❡ P❛✉t♦t ❬✶✵✹✱✸✵✻❪ ❛♥❞ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥
❝♦❧❧❛❜♦r❛t✐♦♥✳ ❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ❣r♦✉♣ ♦❢ ❉✐❡t❡r ❙❝❤❛r♥✇❡❜❡r✱ ❛ ♣♦s✐t✐✈❡ ✐♥✢✉❡♥❝❡
♦❢ ❛ ❝♦❧❧❛❣❡♥ ❝♦❛t✐♥❣ ✇❛s ❡✈❛❧✉❛t❡❞✳
✹✳✹✳✶✳✶ P♦❧②✲▲✲❧②s✐♥❡ ❧❛②❡r✲❜②✲❧❛②❡r ❝♦❛t✐♥❣
❚❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ ❛ P▲▲ ❝♦❛t✐♥❣ ✐s ♥❡❝❡ss❛r② ❢♦r ♥❡✉r♦♥❛❧ ❝❡❧❧s t♦ ❛❞❤❡r❡ ❛♥❞
s✉r✈✐✈❡ ♦♥ ♥❡✉tr❛❧ ❤②❞r♦❣❡❧s ❬✽✽✱ ✽✾❪✳ ❚❤❡ ❝♦❛t✐♥❣ ♣r♦❝❡ss ✐s ❡♥t✐r❡❧② ❜❛s❡❞ ♦♥
❡❧❡❝tr♦st❛t✐❝ ❝❤❛r❣❡ ✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡ ✉♥❝♦❛t❡❞ ♠✐❝r♦❝❛rr✐❡r s✉r❢❛❝❡ ✐ts❡❧❢ ✐s s❧✐❣❤t❧②
♥❡❣❛t✐✈❡❧② ❝❤❛r❣❡❞✳ ❚❤✐s ♦r✐❣✐♥❛❧ s✉r❢❛❝❡ ❝❤❛r❣❡ ✐s ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ ❡❛❝❤ ❧❛②❡r ♦❢
♣♦❧②❡❧❡❝tr♦❧②t❡s t❤❛t ✐s ❞❡♣♦s✐t❡❞✳ ❆s ❛ r❡s✉❧t✱ ♠♦r❡ P▲▲ ❝❛♥ ❜❡ ❛❞s♦r❜❡❞ t♦ t❤❡
s✉r❢❛❝❡ ✭❋✐❣✉r❡ ✹✳✸✹✮✳ ❆❢t❡r P▲▲ ❝♦❛t✐♥❣✱ t❤❡ ♠✐❝r♦❝❛rr✐❡r ❤❛s ❛ ♥❡t ♣♦s✐t✐✈❡ ❝❤❛r❣❡
t❤❛t ❛ttr❛❝ts t❤❡ ❝❡❧❧s✱ ✇❤✐❝❤ ❛r❡ s❧✐❣❤t❧② ♥❡❣❛t✐✈❡❧② ❝❤❛r❣❡❞✳ ❚❤❡ s✉❝❝❡ss ♦❢ P▲▲
❞❡♣♦s✐t✐♦♥✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ▲❇▲ ❞❡♣♦s✐t✐♦♥ ❝②❝❧❡s✱ ✇❛s ❛ss❡ss❡❞ ✉s✐♥❣ ❛ s♠❛❧❧
❞✐✛✉s✐❜❧❡ ✢✉♦r❡s❝❡♥t ❞②❡✱ ❆❧❡①❛ ✺✺✺✲◆❍❙ ❡st❡r✱ ❝❛rr②✐♥❣ ❛ r❡❛❝t✐✈❡ s✉❝❝✐♥✐♠✐❞②❧
❡st❡r ✇❤✐❝❤ r❡❛❝ts ✇✐t❤ t❤❡ ♣r✐♠❛r② ❛♠✐♥❡ ❣r♦✉♣s ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ P▲▲✳ ▲❛s❡r
s❝❛♥♥✐♥❣ ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣② ✇❛s ✉s❡❞ t♦ ✈✐s✉❛❧✐③❡ ❛♥❞ ❡st✐♠❛t❡ t❤❡ P▲▲ ❞❡♣♦s✐t✐♦♥
✈✐❛ ✢✉♦r❡s❝❡♥❝❡ ✐♥t❡♥s✐t② ♣r♦✜❧❡s ✭❋✐❣✉r❡ ✹✳✸✺✮✳ ❆❢t❡r ❞❡♣♦s✐t✐♦♥ ❛♥❞ st❛✐♥✐♥❣
♠✐❝r♦❜❡❛❞s ✇❡r❡ ❡①t❡♥s✐✈❡❧② ✇❛s❤❡❞ t♦ r❡♠♦✈❡ ✉♥r❡❛❝t❡❞ ❞②❡ t❤❛t ♦♥❧② ❞②❡ ❜♦✉♥❞
t♦ t❤❡ ❛❞s♦r❜❡❞ P▲▲ r❡♠❛✐♥❡❞✳ ▲❛s❡r s❝❛♥♥✐♥❣ ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣② r❡✈❡❛❧❡❞ ❞②❡
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✻✽
❋✐❣✉r❡ ✹✳✸✹✿ Pr♦❝❡❞✉r❡ ♦❢ ❧❛②❡r✲❜②✲❧❛②❡r ❝♦❛t✐♥❣ ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞s ❛t ✜rst ❛❧t❡r♥❛t✐♥❣ ✇✐t❤
t❤❡ ♣♦❧②✭❛❧❧②❧❛♠✐♥❡ ❤②❞r♦❝❤❧♦r✐❞❡✮ ✭P❆❍✰✱ ❜❧✉❡✮ ❛♥❞ ♣♦❧②✭s♦❞✐✉♠ st②r❡♥❡ s✉❧❢♦♥❛t❡✮ ✭P❙❙✲✱
r❡❞✮ t♦ r❡✐♥❢♦r❝❡ t❤❡ ♠✐❝r♦❜❡❛❞s ♥❡t ❝❤❛r❣❡✳ P▲▲ ✭❣r❡❡♥✮ ❢♦r♠s t❤❡ ❧❛st ❧❛②❡r ❛♥❞ ♣r♦✈✐❞❡s
t❤❡ ❛❞❤❡s✐♦♥ ❧✐❣❛♥❞ ❢♦r ❝❡❧❧ ❛tt❛❝❤♠❡♥t✳
❛❝❝✉♠✉❧❛t✐♦♥ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞ ♦♥ t❤❡ s✉r❢❛❝❡ ❡✈❡♥ ❢♦r ♠✐❝r♦❜❡❛❞s ♣r❡♣❛r❡❞ ✐♥
❜❛t❝❤ ✭❋✐❣✉r❡ ✹✳✸✺ ❛✮✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ♣♦r♦s✐t② ♦❢ ❤②❞r♦❣❡❧s✱ t❤❡ ❞②❡ ❛❧s♦
♣❡♥❡tr❛t❡❞ t❤❡ ♠✐❝r♦❜❡❛❞s ❝♦r❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞s
✭❋✐❣✉r❡ ✹✳✸✺ ❜✮✳ ❇✲✸✵✲✶✲❍ ❛♥❞ ❇✲✸✵✲✷✲❍ s❤♦✇ s✐♠✐❧❛r ✢✉♦r❡s❝❡♥❝❡ ✐♥t❡♥s✐t②
♣r♦✜❧❡s ✇✐t❤ ❛ s❤❛r♣ ♣❡❛❦ ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞ ❛❢t❡r ✜✈❡ ❞❡♣♦s✐t✐♦♥ ❝②❝❧❡s
❛♥❞ t❤❡r❡❢♦r❡ ❛ ❝♦♠♣❛r❛❜❧❡ ❛♠♦✉♥t ♦❢ ❛❞s♦r❜❡❞ P▲▲✳ ❋♦r ❇✲✸✵✲✸✲❍✱ t❤❡ ♠✐❝r♦❜❡❛❞
✇✐t❤ t❤❡ ❧♦✇❡st ❝r♦ss❧✐♥❦✐♥❣ ❞❡♥s✐t②✱ ❛ s✐❣♥✐✜❝❛♥t❧② ❜r♦❛❞❡r ♣❡❛❦ ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞
s✉❣❣❡st✐♥❣ ❛ ❞❡❡♣❡r ♣❡♥❡tr❛t✐♦♥ ♦❢ P▲▲ ❞✉❡ t♦ ❛ ❤✐❣❤❡r ♣♦r♦s✐t②✳ ❚❤✐s r❡s✉❧t
❞❡♠♦♥str❛t❡s t❤❛t ♥♦t ♦♥❧② ❡❧❛st✐❝✐t② ❜✉t ❛❧s♦ ♣♦r♦s✐t② ✐s ❛✛❡❝t❡❞ ❜② t❤❡ ❝r♦ss❧✐♥❦✐♥❣
❞❡♥s✐t②✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❛ ❝r✉❝✐❛❧ ♣❛r❛♠❡t❡r ❢♦r st❡♠ ❝❡❧❧ ❢❛t❡ ❬✼✷❪✳ ❋✐♥❛❧❧②✱ t❤❡
✐♥❝r❡❛s❡ ♦❢ ❛❞s♦r❜❡❞ P▲▲ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ❞❡♣♦s✐t✐♦♥ ❝②❝❧❡s ✇❛s
✐♥✈❡st✐❣❛t❡❞ ✭❋✐❣✉r❡ ✹✳✸✺ ❝✮ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ♠❡❛♥ r❛❞✐❛❧ ✢✉♦r❡s❝❡♥❝❡ ✐♥t❡♥s✐t②
♣r♦✜❧❡s✳ ◆❛t✐✈❡ ♠✐❝r♦❜❡❛❞s ✭❝ ❂ ✵✮ s❤♦✇❡❞ ❛ ✇❡❛❦ s✐❣♥❛❧ ❛❝r♦ss t❤❡ ♠✐❝r♦❜❡❛❞ ✇✐t❤
❛ s❧✐❣❤t❧② ❤✐❣❤❡r ❝♦♥❝❡♥tr❛t✐♦♥ ❛t t❤❡ ❡❞❣❡ ❜✉t P▲▲ ✇❛s ❛❧s♦ ❛❜❧❡ t♦ ❞✐✛✉s❡ ❞❡❡♣❡r✳
❙♦✱ ♥♦ ❛❞s♦r♣t✐♦♥ ✇❛s ❞❡t❡❝t❛❜❧❡✳ ❲✐t❤ ♠♦r❡ ▲❇▲ ❝②❝❧❡s ❛♣♣❧✐❡❞ t❤❡ P▲▲ s✐❣♥❛❧s
✐♥t❡♥s✐✜❡❞ ❛t t❤❡ ♠✐❝r♦❜❡❛❞s ❡❞❣❡ ❛ttr✐❜✉t❡❞ t♦ ❛ ❞❡♣♦s✐t✐♦♥ ♦♥ t❤❡ s✉r❢❛❝❡✳ ❚❤❡
t♦t❛❧ ❛♠♦✉♥t ♦❢ ❝♦❛t❡❞ P▲▲ ❤❛s ♥♦t ❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ❜✉t ✐t s❡❡♠❡❞ t♦ ❜❡ ✈❡r② ❧♦✇
❞✉❡ t♦ ❛ ❧♦✇ ♥❡t ❝❤❛r❣❡ ♦❢ t❤❡ P❖①✲P❍❊▼❆ ♠✐❝r♦❜❡❛❞s ❡✈❡♥ ❛❢t❡r ▲❇▲ ❝♦❛t✐♥❣








❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✼✼
♦♥ ❛ s✐♥❣❧❡ ▼✲✸✵✲✶✲▼ ♠✐❝r♦❝❛rr✐❡r ♦❢ ❛♥ ❛✈❡r❛❣❡ ❞✐❛♠❡t❡r ♦❢ ✹✾✵ µ♠✳ ❋✐❣✉r❡ ✹✳✹✸
❛❧s♦ s❤♦✇s t❤❛t ❤▼❙❈s ❞♦ ♥♦t ❛❞❤❡r❡ ♦♥t♦ P❖①✲❍❊▼❆ ♠✐❝r♦❜❡❛❞ s✉r❢❛❝❡s ❛♥❞
♣r♦✈❡ t❤❡♠ ✉♥s✉✐t❛❜❧❡ ❢♦r ❝❡❧❧ ❝✉❧t✉r✐♥❣ ❝♦✐♥❝✐❞✐♥❣ t♦ t❤❡ ❧✐t❡r❛t✉r❡ ❬✷✺✶✱✷✺✼❪✳ ■t ✐s
♥♦t❡✇♦rt❤② t❤❛t t❤❡ ❝❡❧❧ ❝✉❧t✉r❡ st✉❞✐❡s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ P❖①✲❜❛s❡❞ ♠✐❝r♦❜❡❛❞s
✇❡r❡ r❛t❤❡r ❢❛❝✐❧❡ ❜❡❝❛✉s❡ t❤❡ ❜❡❛❞s ❝♦✉❧❞ ❜❡ ❡✛❡❝t✐✈❡❧② ❞✐s♣❡rs❡❞ ❞✉r✐♥❣ t❤❡ ❝❡❧❧
✐♥❝✉❜❛t✐♦♥ ♣❤❛s❡ ❜② s❧✐❣❤t ❛❣✐t❛t✐♦♥ ❛♥❞ r❡❛❞✐❧② s❡tt❧❡❞ ❛s ✐♥❞✐✈✐❞✉❛❧ ♣❛rt✐❝❧❡s ✇❤❡♥
❧❡❢t ✉♥st✐rr❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ ✉♥✐❢♦r♠ ❜❡❛❞s ❛ss❡♠❜❧❡ ❛s r❡❧❛t✐✈❡❧② st❛❜❧❡ ❝♦❧❧♦✐❞❛❧
❝r②st❛❧s✱ ✇❤✐❝❤ ❛❧❧♦✇s ❛ ❢❛❝✐❧❡ ❡①❝❤❛♥❣❡ ♦❢ t❤❡ ❛q✉❡♦✉s ♣❤❛s❡s ❢♦r ❝✉❧t✉r❡ ♠❡❞✐❛
r❡♣❧❛❝♠❡♥t ♦r ❞✉r✐♥❣ t❤❡ ✇❛s❤✐♥❣ st❡♣s ✇✐t❤♦✉t ❞✐st✉r❜✐♥❣ t❤❡ ♠✐❝r♦❜❡❛❞✴❝❡❧❧
❛ss❡♠❜❧②✳ ❆❧❧ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ t❤❡r♠❛❧❧② st❛❜❧❡ ❛♥❞ ❝♦✉❧❞ ❜❡ ❛✉t♦❝❧❛✈❡❞
♣r✐♦r t♦ t❤❡ ❝❡❧❧ st✉❞✐❡s✳ ■♥ s✉♠♠❛r②✱ t❤❡ P❖①✲❜❛s❡❞ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ ❛
r♦❜✉st ❛♥❞ ❡❛s② t♦ ❤❛♥❞❧❡ ✸❉ ♠❛tr✐① s②st❡♠ ❢♦r t❤❡ ❝✉❧t✐✈❛t✐♦♥ ♦❢ st❡♠ ❝❡❧❧s✳
✹✳✹✳✺ ❉❡❣r❛❞❛t✐♦♥
❖♥❡ ✐♠♣♦rt❛♥t ❛♣♣❧✐❝❛t✐♦♥ ❢♦r t❤❡ P❖① ♠✐❝r♦❜❡❛❞s ❛✐♠s ❢♦r t❤❡ ✉s❡ ❛s s❝❛✛♦❧❞ ✐♥
r❡❣❡♥❡r❛t✐✈❡ t❤❡r❛♣✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠✐❝r♦❜❡❛❞s ❤❛✈❡ t♦ ❛❞❞r❡ss ❝❡rt❛✐♥ ❝r✐t❡r✐❛✳
❖♥ ♦♥❡ ❤❛♥❞✱ ❜✐♦❝♦♠♣❛t✐❜✐❧✐t② ✐s ♥❡❝❡ss❛r② ❢♦r ❛♥ ❡✣❝✐❡♥t ❡① ✈✐✈♦ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡
st❡♠ ❝❡❧❧s ❛s ✇❡❧❧ ❛s ❞❡❣r❛❞❛❜✐❧✐t② t♦ ❛❧❧♦✇ ❤❛r✈❡st✐♥❣✱ ♣r❡❢❡r❛❜❧② ❜② s❝❛✛♦❧❞
❞❡❣r❛❞❛t✐♦♥ ❛s ❛❧t❡r♥❛t✐✈❡ t♦ tr②♣s✐♥✐③❛t✐♦♥✳ ❉✉❡ t♦ t❤❡ ♣r♦t❡♦❧②t✐❝ ❛❝t✐✈✐t② ♦❢
tr②♣s✐♥ ♥♦t ♦♥❧② s✉r❢❛❝❡ ❜✐♥❞✐♥❣ ♣r♦t❡✐♥s ❛r❡ ❞✐❣❡st❡❞ ❜✉t ❛❧s♦ ❝❡❧❧ s✉r❢❛❝❡ ♣r♦t❡✐♥s✱
✇❤✐❝❤ ❧❡❛❞s t♦ ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ❝❡❧❧ ❢✉♥❝t✐♦♥s ❬✸✶✶❪✳ ❚❤❛t ✐s ✇❤② tr②♣s✐♥✐③❛t✐♦♥ ✐s
❧✐♠✐t❡❞ ❛♥❞ ✉s✉❛❧❧② st♦♣♣❡❞ ❛❢t❡r ✻ ♦r ✼ ❝②❝❧❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s❡❡❞❡❞
♠✐❝r♦❜❡❛❞s✱ s♦ ❝❛❧❧❡❞ ♠✐❝r♦❝❛rr✐❡rs✱ ❝❛♥ ❜❡ tr❛♥s❢❡rr❡❞ ✐♥t♦ ❧✐✈✐♥❣ t✐ss✉❡ ✉♥❞❡r
♣r❡s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❝❡❧❧ ❝❤❛r❛❝t❡r t♦ r❡♣❧❛❝❡ ❞❛♠❛❣❡❞ r❡❣✐♦♥s ❬✸✶✷❪✳ ❆ s✉❜s❡q✉❡♥t
♠✐❝r♦❜❡❛❞ ❞❡❣r❛❞❛t✐♦♥ t♦ ♥♦♥✲t♦①✐❝ ❝♦♠♣♦♥❡♥ts ✐s ❞❡s✐r❛❜❧❡ t♦ ❛✈♦✐❞ ✐♥✢❛♠♠❛t♦r②
r❡s♣♦♥s❡ ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞ ✐ts❡❧❢ ❛♥❞ t❤❡ ❜②♣r♦❞✉❝ts✳
❚❤❡r❡❢♦r❡✱ ❞❡❣r❛❞❡❜❧❡ P❖①✲❜❛s❡❞ ♠✐❝r♦❜❡❛❞s ✇✐t❤ ❛ ❞✐s✉❧✜❞❡ ❣r♦✉♣ ❛s ❛ ❝❡♥tr❛❧
❜r✐❞❣❡ ♦❢ t❤❡ t❡❧❡❝❤❡❧✐❝ P❖① ❧✐♥❦❡r ❤❛✈❡ ❜❡❡♥ ❢❛❜r✐❝❛t❡❞ t♦ ❛❧❧♦✇ s❧♦✇
❜✐♦❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡ ♠✐❝r♦❝❛rr✐❡r ❤②❞r♦❣❡❧ ❜② r❡❞✉❝t❛♥ts✳ ●❧✉t❛t❤✐♦♥❡ ✐s ♦♥❡ ♦❢ t❤❡
♠♦st ❛❜✉♥❞❛♥t r❡❞✉❝t❛♥ts ✐♥ ❧✐✈✐♥❣ t✐ss✉❡ ❬✸✶✸❪ ❛♥❞ ✇❛s ✉s❡❞ ❛s ❛ ♠♦❞❡❧ r❡❞✉❝t❛♥t
❢♦r ♣r❡❧✐♠✐♥❛r② ❞❡❣r❛❞❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ❋✐❣✉r❡ ✹✳✹✹ ✐❧❧✉str❛t❡s t❤❡ ❛♣♣r♦❛❝❤ ❛♥❞
s✉♠♠❛r✐③❡s t❤❡ r❡s✉❧ts✳ ❚❤❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡ ❤②❞r♦❣❡❧ ♥❡t✇♦r❦ ❜② ❝❡♥tr❛❧ ❝❤❛✐♥
s❝✐ss✐♦♥ ♦❢ t❤❡ P▼❡❖① ❝r♦ss❧✐♥❦❡r ✐s s❝❤❡♠❛t✐❝❛❧❧② ♦✉t❧✐♥❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✹❛✳ ▼♦st
✐♠♣♦rt❛♥t❧②✱ t❤❡ r❡s✉❧t✐♥❣ ♣♦❧②♠❡r✐❝ ❞❡❣r❛❞❛t✐♦♥ ♣r♦❞✉❝ts ✇✐❧❧ st✐❧❧ ❜❡ s✐❞❡ ❝❤❛✐♥
s✉❜st✐t✉t❡❞ ✇✐t❤ s❤♦rt P▼❡❖① ❝❤❛✐♥s ❛♥❞ ♣♦ss✐❜❧② ♦❢ r❡❧❛t✐✈❡❧② ❧♦✇ ♠♦❧❛r ♠❛ss✳
❉❡t❛✐❧❡❞ st✉❞✐❡s ❤❛✈❡ s❤♦✇♥ t❤❛t P▼❡❖① ❝♦♥❥✉❣❛t❡s ❡①❤✐❜✐t t❤❡ s♦✲❝❛❧❧❡❞ st❡❛❧t❤
❡✛❡❝t ✇❤✐❝❤ s✐❣♥✐✜❝❛♥t❧② ♣r♦❧♦♥❣s t❤❡ ❜❧♦♦❞ ❝✐r❝✉❧❛t✐♦♥ t✐♠❡ ♦❢ P❖①✲❝♦♥❥✉❣❛t❡s ❬✸✶✹❪
❛♥❞ str♦♥❣❧② r❡❞✉❝❡s t❤❡✐r ✐♠♠✉♥♦❣❡♥✐❝✐t② ❬✷✸✶❪ ❛s ✇❡❧❧ ❛s t♦①✐❝✐t② ❬✸✶✺❪✳ ❋✉rt❤❡r♠♦r❡✱

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✼✾
P▼❡❖① ✐ts❡❧❢ ✐s ❤❡♠♦❝♦♠♣❛t✐❜❧❡ ❬✸✶✻❪✱ ♥♦♥✲t♦①✐❝ ❬✶✺✻❪ ❛♥❞ ❤②❞r♦♣❤✐❧✐❝ P▼❡❖① ✐s
r❡❛❞✐❧② ❝❧❡❛r❡❞ ❢r♦♠ t❤❡ ❜♦❞② ❜② r❡♥❛❧ ❡①❝r❡t✐♦♥ ❬✷✸✺❪✳ ❍❡♥❝❡✱ ❤②❞r♦❣❡❧
❞✐s✐♥t❡❣r❛t✐♦♥ ❜② ❝❡♥tr❛❧ P▼❡❖① ❝❤❛✐♥ s❝✐ss✐♦♥ s❤♦✉❧❞ r❡s✉❧t ✐♥ ❧♦✇ ♠♦❧❛r ♠❛ss✱
❜✐♦❝♦♠♣❛t✐❜❧❡ ❛♥❞ ✇❛t❡r s♦❧✉❜❧❡ ♣♦❧②♠❡r ❢r❛❣♠❡♥ts t❤❛t ❝❛♥ ❜❡ ❡①❝r❡t❡❞✳ ❚❤✐s ♠❛②
❡✈❡♥ ❛♣♣❧② ❢♦r t❤❡ ♣♦s✐t✐✈❡❧② ❝❤❛r❣❡❞ P❖①✲P▼❊❚❆❈ ❢r❛❣♠❡♥ts✳ ◆♦r♠❛❧❧②✱
♣♦❧②❝❛t✐♦♥✐❝ ❝♦♠♣♦✉♥❞s s❤♦✇ s✉❜st❛♥t✐❛❧ ❝②t♦t♦①✐❝✐t② ❜✉t ✐t ✇❛s r❡❝❡♥t❧② ❢♦✉♥❞ t❤❛t
♣♦❧②❝❛t✐♦♥s ❧✐♥❦❡❞ t♦ P▼❡❖① s❤♦✇ ❧♦✇ t♦ ♥♦♥❡ ❝②t♦t♦①✐❝✐t② ❡✈❡♥ ❛t ❤✐❣❤
❝♦♥❝❡♥tr❛t✐♦♥s ❛s ✇❡❧❧ ❛s ❧♦✇ s❡r✉♠ ♣r♦t❡✐♥ ❜✐♥❞✐♥❣ ❬✸✶✺❪✳ ❯♥❞❡r t❤✐s ♣r❡r❡q✉✐s✐t❡s✱
t❤❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ ▼✲✸✵✲✶✲▼✲❉❙ t②♣❡ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✉♥❞❡r ✈❛r✐♦✉s
❝♦♥❞✐t✐♦♥s ❛❝❝♦r❞✐♥❣ t♦ ❞✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥s✳ ❋✐❣✉r❡ ✹✳✹✹ ❜ s❤♦✇s t❤❡ ♣r♦❣r❡ss ♦❢
t❤❡ ♥❡t✇♦r❦ ❞❡❣r❛❞❛t✐♦♥ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝❤❛♥❣❡s ♦❢ t❤❡ ❨♦✉♥❣s✬s
♠♦❞✉❧✉s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❤②❞r♦❣❡❧ ♠✐❝r♦❜❡❛❞s ❜② ✐♥ s✐t✉ ❈P❙✳ ❍❡r❡✱ t❤❡ ●❙❍
❝♦♥❝❡♥tr❛t✐♦♥ ✇❛s s❡t t♦ ✶✵ ♠▼ ♣r❡s❡♥t✐♥❣ ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ ●❙❍ ❝♦♥❝❡♥tr❛t✐♦♥ t♦
s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ t❤❡ ❞❡❣r❛❞❛t✐♦♥ t✐♠❡ ❢r♦♠ s❡✈❡r❛❧ ❞❛②s t♦ ✷✼ ❤ ❛♥❞ t♦ ♠✐♥✐♠✐③❡
❡✛❡❝ts ♦❢ ●❙❍ ♦①✐❞❛t✐♦♥ ❛s t❤❡ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣❡ ✭❆❋▼✮ ❧✐q✉✐❞ ❝❡❧❧ ❝♦✉❧❞ ♥♦t
❜❡ ♦♣❡r❛t❡❞ ✉♥❞❡r str✐❝t ✐♥❡rt ❝♦♥❞✐t✐♦♥s ❛♥❞ t♦ ❛❧❧♦✇ ❢♦r ❝♦♥s✐st❡♥t ❡❧❛st✐❝✐t②
♠❡❛s✉r❡♠❡♥ts✳ ❆ s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞✉r✐♥❣ t❤❡ ●❙❍
♠❡❞✐❛t❡❞ ❞❡❣r❛❞❛t✐♦♥ ✇❛s ❢♦✉♥❞✳ ❚❤❡ ✐♥✐t✐❛❧ ❡❧❛st✐❝✐t② ♦❢ ✷✲✸ ❦P❛ ✇❛s ❞r❛♠❛t✐❝❛❧❧②
r❡❞✉❝❡❞ ✇✐t❤✐♥ t❤❡ ✜rst ✼ ❤ t♦ ✵✳✺ ❦P❛ ❛♥❞ ✇✐t❤✐♥ ✶✼ ❤ s❧♦✇❧② ❞r♦♣♣❡❞ t♦ ❛r♦✉♥❞
✶✵✵ P❛ ✉♥t✐❧ ♥♦ ♠♦r❡ ❢r❛❣♠❡♥ts ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ❢♦r r❡❧✐❛❜❧❡ ❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts✳
❋♦r ❝♦♠♣❛r✐s♦♥✱ ❈P❙ ♠❡❛s✉r❡♠❡♥ts ♦♥ ♠✐❝r♦❜❡❛❞s ♦❢ t❤❡ ✈❡r② s❛♠❡ ❜❛t❝❤ ✇❡r❡
♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ●❙❍✳ ❚❤❡ ♥❡❣❛t✐✈❡ ❝♦♥tr♦❧ r❡✈❡❛❧❡❞ ✐♥t❛❝t ❛♥❞
✉♥❝❤❛♥❣❡❞ ♠✐❝r♦❜❡❛❞s ❛❢t❡r s❡✈❡r❛❧ ❞❛②s ❛t ✸✼◦❈ ✐♥ ❜✉✛❡r ✇✐t❤♦✉t ♥♦t✐❝❡❛❜❧❡
❝❤❛♥❣❡ ✐♥ t❤❡✐r ❡❧❛st✐❝✐t②✳ ❚❤✉s✱ ✐t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ●❙❍ t❤❡
♣❛rt✐❝❧❡s ❛r❡ st❛❜❧❡✳ ❉❡❣r❛❞❛t✐♦♥ ✉♥❞❡r ❡①tr❛❝❡❧❧✉❧❛r ●❙❍ ❝♦♥❝❡♥tr❛t✐♦♥s ✭✷✳✽ µ▼✱
r❛t ❜r❛✐♥✮ ✇❛s ❢♦❧❧♦✇❡❞ ❜② ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣② ✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s ❛♥❞ ❜♦❞②
t❡♠♣❡r❛t✉r❡ ✭❋✐❣✉r❡ ✹✳✹✹ ❞✮ ❛♥❞ s❤♦✇❡❞ ♠✐❝r♦❜❡❛❞ ❢r❛❣♠❡♥t❛t✐♦♥ st❛rt✐♥❣ ❛❢t❡r ✷ ❤
❛♥❞ ❛ ❝♦♥s❡q✉❡♥t r❡❞✉❝t✐♦♥ ✐♥ ❢r❛❣♠❡♥t s✐③❡✳ ❆❢t❡r ✶✷✵ ❤ ♥♦ ❜✐❣❣❡r ♣❛rt✐❝❧❡s ✇❡r❡
✈✐s✐❜❧❡✳ ❋✐♥❛❧❧②✱ ❛❢t❡r ✺ ❞❛②s t❤❡ ♠✐❝r♦❜❡❛❞ s✉s♣❡♥s✐♦♥ ✇❛s tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❛
❤♦♠♦❣❡♥❡♦✉s s♦❧✉t✐♦♥ ✇✐t❤♦✉t ❞❡t❡❝t❛❜❧❡ ♠✐❝r♦s❝♦♣✐❝ ❢r❛❣♠❡♥ts✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡
♠♦❧❛r ♠❛ss❡s ♦❢ t❤❡ ❞❡❣r❛❞❛t✐♦♥ ♣r♦❞✉❝ts ❤❛✈❡ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❜② ❙❊❈ ❛s
♠❡t❛❜♦❧✐❝ ❝♦♠♣♦✉♥❞s ✇♦✉❧❞ ❡✈❡♥t✉❛❧❧② ❡♥t❡r t❤❡ ❜❧♦♦❞ ❝✐r❝✉❧❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡✐r
♠❛ss s❤♦✉❧❞ ❜❡ ❜❡❧♦✇ t❤❡ r❡♥❛❧ ❡①❝r❡t✐♦♥ t❤r❡s❤♦❧❞ ✭✸✵ ✲ ✺✵ ❦❉❛ ❬✸✶✼❪✮ t♦ ❛✈♦✐❞ ♦r
♠✐♥✐♠✐③❡ ✉♥s♣❡❝✐✜❝ ♦r❣❛♥ ❞❡♣♦s✐t✐♦♥✳ ❚❤❡ ▼✲✸✵✲✶✲▼✲❉❙ ♣❛rt✐❝❧❡s ✇❡r❡ ❞❡❣r❛❞❡❞
❛t t❤❡ ❞✐✛❡r❡♥t ●❙❍ ❝♦♥❝❡♥tr❛t✐♦♥s ✭♣❤②s✐♦❧♦❣✐❝❛❧ ✷✳✽ µ▼ ❛♥❞ ✶✵ ♠▼ ❛s ✉s❡❞ ✐♥ t❤❡
❈P❙ ❡①♣❡r✐♠❡♥t✮ ❛♥❞✱ ❢♦r ❝♦♠♣❛r✐s♦♥✱ ❜② t❤❡ str♦♥❣ r❡❞✉❝✐♥❣ ❛❣❡♥t s♦❞✐✉♠
❜♦r♦❤②❞r✐❞❡ ✭✵✳✺ ▼✮ ❢♦r ✺ ❞❛②s ❛t ✸✼◦❈✳ ❆❢t❡r ●❙❍ ✐♥❝✉❜❛t✐♦♥ t❤❡ r❡s✉❧t✐♥❣ ❝r✉❞❡
s♦❧✉t✐♦♥ ✇❛s ❛♥❛❧②③❡❞ ❜② ❙❊❈ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ❜② P▼❡❖① ❤♦♠♦♣♦❧②♠❡rs ✐♥ t❤❡
r❛♥❣❡ ❜❡t✇❡❡♥ ✵✳✾✺✲✶✻✳✺ ❦❉❛ ✭❋✐❣✉r❡ ✹✳✹✹ ❝✮✳ ❘❡❞✉❝t✐✈❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡
❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✽✵
♠✐❝r♦❜❡❛❞s ❜② s♦❞✐✉♠ ❜♦r♦❤②❞r✐❞❡ r❡s✉❧t❡❞ ✐♥ t❤❡✐r ❝♦♠♣❧❡t❡ ❞✐s✐♥t❡❣r❛t✐♦♥ t♦ ❧♦✇
♠♦❧❛r ♠❛ss ♣♦❧②♠❡r✐❝ ❢r❛❣♠❡♥ts✳ ❚❤❡ ❡❧✉t✐♦♥ ♣❡❛❦ ❤❛s ❛ ♠❛①✐♠✉♠ ❛t ❛r♦✉♥❞ ✷✶✳✺
♠✐♥✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛ ♠♦❧❛r ♠❛ss ♦❢ ♦♥❧② ≈✷✳✷ ❦❉❛✳ ❚❤❡ ▼✲✸✵✲✶✲▼✲❉❙
♠❛t❡r✐❛❧ ❞❡❣r❛❞❡❞ ❜② ●❙❍ ❣❛✈❡ ❜r♦❛❞❡r ❛♥❞ ✐♥❝r❡❛s✐♥❣❧② ♠✉❧t✐♠♦❞❛❧ ❞✐str✐❜✉t✐♦♥s
❜✉t ✇✐t❤ ❛♥ ❡❧✉t✐♦♥ ♣❡❛❦ ♠❛①✐♠✉♠ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s❛♠❡ ♠♦❧❛r ♠❛ss✳ ❆
s❡❝♦♥❞ ♣❡❛❦ ♠❛①✐♠✉♠ ❛t ❛r♦✉♥❞ ✷✷ ♠✐♥ ✭▼❂✶✳✹✸ ❦❉❛✮ ✐s ✈✐s✐❜❧❡ ❢♦r ❞❡❣r❛❞❛t✐♦♥
♣r♦❞✉❝ts ✇✐t❤ ✶✵ ♠▼ ●❙❍✳ ❖✈❡r❛❧❧✱ t❤❡ ✇❛t❡r s♦❧✉❜❧❡ ♣♦❧②♠❡r ❢r❛❣♠❡♥ts ❢r♦♠ ❜♦t❤
❡①♣❡r✐♠❡♥ts ✇✐t❤ ●❙❍ ✇❡r❡ ❢♦✉♥❞ t♦ ❤❛✈❡ ♠♦❧❛r ♠❛ss❡s s♠❛❧❧❡r t❤❛♥ ✾ ❦❉❛ ❛♥❞ ❛r❡
t❤✉s ❜❡❧♦✇ t❤❡ r❡♥❛❧ ❡①❝r❡t✐♦♥ ❧✐♠✐t✳ ❚❤❡s❡ r❡s✉❧ts s✉❣❣❡st ❛ ♣r✐♥❝✐♣❧❡ ❛♣♣❧✐❝❛❜✐❧✐t②
♦❢ t❤❡ ▼✲✸✵✲✶✲▼✲❉❙ ♠✐❝r♦❜❡❛❞s ❢♦r ✐♥ ✈✐tr♦ ❝❡❧❧ ❡①♣❛♥s✐♦♥ ✇✐t❤ ♣♦ss✐❜❧❡ ❝❡❧❧
❤❛r✈❡st✐♥❣ ❜② ♠✐❝r♦❜❡❛❞ ❞❡❣r❛❞❛t✐♦♥✳ ❚♦ ❛❧❧♦✇ r❡❧✐❛❜❧❡ ❝♦♥❝❧✉s✐♦♥s ❢✉rt❤❡r ❝❡❧❧
st✉❞✐❡s ❛r❡ ♥❡❡❞❡❞ t♦ ❝♦♥✜r♠ t❤❡ ●❙❍ ❞❡❣r❛❞❛t✐♦♥ ❧❡❛❞s t♦ ❝❡❧❧ ❞❡t❛❝❤♠❡♥t ❛♥❞ ✐s
♥♦♥t♦①✐❝ t♦ t❤❡ ❝❡❧❧s ❛♥❞ r❡♠❛✐♥ t❤❡✐r s✉❜st❛♥t✐❛❧ ❜❡❤❛✈✐♦r t♦ ♣r♦✈✐❞❡ ❛❞✈❛♥t❛❣❡s
t♦✇❛r❞s t❤❡ ❝❧❛ss✐❝❛❧ tr②♣s✐♥✐③❛t✐♦♥✳ ❲✐t❤ r❡s♣❡❝t t♦ tr❛♥s♣❧❛♥t❛t✐♦♥ ♦❢ s❡❡❞❡❞
♠✐❝r♦❜❡❛❞s t♦ r❡♣❧❛❝❡ ❞❛♠❛❣❡❞ t✐ss✉❡ t❤❡ ❜✐♦❞❡❣r❛❞❛❜❧❡ ♠✐❝r♦❜❡❛❞s ♥❡❡❞ t♦ ❜❡
✐♥t❛❝t ✐♥ ❝❡❧❧ ❝✉❧t✉r❡ ✉♥t✐❧ t❤❡② ❛r❡ tr❛♥s♣❧❛♥t❡❞ ❛♥❞ ❛❢t❡r✇❛r❞s st❛rt t♦ ❞✐s✐♥t❡❣r❛t❡✳
■♥ ♣❤②s✐♦❧♦❣✐❝❛❧ ●❙❍ ❝♦♥❝❡♥tr❛t✐♦♥s t❤❡ ♠✐❝r♦❜❡❛❞s ❞❡❣r❛❞❡ ✇✐t❤✐♥ s❡✈❡r❛❧ ❞❛②s
✇❤✐❝❤ s❤♦✉❧❞ ♣r♦✈✐❞❡ ❡♥♦✉❣❤ t✐♠❡ ❢♦r ❝❡❧❧s t♦ ♠✐❣r❛t❡ ❛♥❞ ❛❞❤❡r❡ t♦ t❤❡ t❛r❣❡t❡❞
t✐ss✉❡✳ ❆s ❛♣♣❛r❡♥t ❢r♦♠ ✢✉♦r❡s❝❡♥❝❡ ♠✐❝r♦❣r❛♣❤s ✭❋✐❣✉r❡ ✹✳✹✹ ❡✮✱ t❤❡ ❞❡❣r❛❞❛❜❧❡
♠✐❝r♦❜❡❛❞s ▼✲✸✵✲✶✲▼✲❉❙ ❛♥❞ ▼✲✸✵✲✶✲❙✲❉❙ r❡♠❛✐♥❡❞ st❛❜❧❡ ❢♦r ❛t ❧❡❛st ✼ ❞❛②s
✉♥❞❡r ❝❡❧❧ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❤▼❙❈ ❛tt❛❝❤♠❡♥t ❛s ✇❡❧❧ ❛s ♣r♦❧✐❢❡r❛t✐♦♥ ✇❡r❡
❛♥❛❧♦❣ t♦ ♠✐❝r♦❜❡❛❞ s❛♠♣❧❡s ✇✐t❤♦✉t t❤❡ ❞✐s✉❧✜❞❡ ❣r♦✉♣✳ ❚❤✐s ✈❡r✐✜❡s t❤❡
✐♥tr♦❞✉❝❡❞ ❞✐s✉❧✜❞❡ ❜♦♥❞ ♥♦t t♦ ❡①❤✐❜✐t ❛♥ ❛❞✈❡rs❡ ✐♠♣❛❝t ✉♣♦♥ ❝❡❧❧ ❝✉❧t✉r✐♥❣✳
✹✳✹✳✻ ❈♦♥t✐♥✉♦✉s ❝❡❧❧ ❝✉❧t✉r❡
❚r②♣s✐♥✐③❛t✐♦♥ ✐s ♥♦t ♦♥❧② ✉s❡❞ t♦ ❤❛r✈❡st ❝❡❧❧s ❜✉t t♦ ❢r❡s❤❧② ♣❛ss❛❣❡ ❝♦♥✢✉❡♥t
❝✉❧t✉r❡ ✢❛s❦s✳ ❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✱ tr②♣s✐♥✐③❛t✐♦♥ ❛✛❡❝ts t❤❡ ❝❡❧❧s ❛♥❞ ❝❛♥ ❧❡❛❞ t♦
❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ❝❡❧❧ ❢✉♥❝t✐♦♥s ❛♥❞ ❧✐♠✐ts t❤❡ ♥✉♠❜❡r ♦❢ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ❍❡♥❝❡✱
❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞s ❛r❡ ❞❡s✐r❡❞ t♦ ❡①♣❛♥❞ ❛♥❝❤♦r❛❣❡✲❞❡♣❡♥❞❡♥t ❝❡❧❧s ✭❡✳❣✳ ❤▼❙❈s✮
✉♣ t♦ ❤✐❣❤ ❝❡❧❧ ♥✉♠❜❡rs✱ ✇❤✐❝❤ ✐s ❝r✉❝✐❛❧ ❢♦r r❡❣❡♥❡r❛t✐✈❡ t❤❡r❛♣②✳ ❖♥❡ ✇❛② t♦ ❛❧❧♦✇
❛ ❤✐❣❤ ♣r♦❧✐❢❡r❛t✐♦♥ ❝♦✉❧❞ ❜❡ ❛ ❝♦♥t✐♥✉♦✉s ❝❡❧❧ ❝✉❧t✉r❡ ♦r s✉❜❝✉❧t✐✈❛t✐♦♥✳ ❇② t❤✐s✱
❢r❡s❤ ❛r❡❛ ✐s ♣r♦✈✐❞❡❞ ❜② ❛❞❞✐♥❣ ✉♥❝♦❧♦♥✐③❡❞ ♠✐❝r♦❜❡❛❞s ❥✉st ❜❡❢♦r❡ ❝♦♥✢✉❡♥❝❡ ✐s
r❡❛❝❤❡❞ ❛♥❞ ❛❧❧♦✇s ❝❡❧❧s t♦ ♠✐❣r❛t❡ t♦ t❤❡ ♥❡✇ ♠✐❝r♦❜❡❛❞s ❬✸✶✽❪✳ ❚❤✐s ✇❛s s❤♦✇♥ ❢♦r
❈❤✐♥❡s❡ ❤❛♠st❡r ♦✈❛r② ✭❈❍❖✮ ❝❡❧❧s ♦♥ ❈②t♦❧✐♥❡ ♠✐❝r♦❝❛rr✐❡rs ❬✸✶✽❪ ❛♥❞
❝❤♦♥❞r♦♣r♦❣❡♥✐t♦r ❝❡❧❧s ♦♥ ❈✉❧t✐s♣❤❡r✲● ♠✐❝r♦❝❛rr✐❡rs ❬✸✶✾❪✳ ❘❡❝❡♥t❧②✱ t❤❡
❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❡❧❧ ❝✉❧t✉r❡ ❜❛❣s ❛♥❞ ♠✐❝r♦❜❡❛❞s ❢♦r ❝♦♥t✐♥✉♦✉s ❝❡❧❧ ❝✉❧t✉r❡ ✇❛s
❞❡s❝r✐❜❡❞ ✐♥ ❛ ❯❙ ♣❛t❡♥t ♦❢ ❉✐❥❤✉✐③❡♥ ❡t ❛❧✳ ❢r♦♠ ✷✵✶✹ ❬✸✷✵❪✳
❆ s♠❛❧❧ ❢r❛❝t✐♦♥ ♦❢ ▼✲✸✵✲✶✲▼ ♠✐❝r♦❜❡❛❞s ❝♦♥✢✉❡♥t❧② ❝♦✈❡r❡❞ ✇✐t❤ ❤▼❙❈s ✭❞❛② ✼

❈❍❆P❚❊❘ ✹✳ ❘❊❙❯▲❚❙ ❆◆❉ ❉■❙❈❯❙❙■❖◆ ✽✷
❤▼❙❈s✳ ❚❤❡ ❜❡st ❤▼❙❈ ❛tt❛❝❤♠❡♥t ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ❢♦r ❝♦❧❧❛❣❡♥ t②♣❡ ■ ❝♦❛t❡❞
P❖①✲P❙P▼❆ ♠✐❝r♦❝❛rr✐❡r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ ❞✐s✉❧✜❞❡ ❝♦♥t❛✐♥✐♥❣
♠✐❝r♦❜❡❛❞s ❤❛s ❜❡❡♥ t❡st❡❞ ✉♥❞❡r ✈❛r✐♦✉s ❝♦♥❞✐t✐♦♥s ❛♥❞ s❤♦✇❡❞ ❛♥ ❛❞❥✉st❛❜❧❡
❞✐s✐♥t❡❣r❛t✐♦♥ ❜❡❤❛✈✐♦r ❢r♦♠ ✐♥st❛♥t ❞❡❣r❛❞❛t✐♦♥ t♦ ✶✼ ❤✱ ✉♣ t♦ ✺ ❞❛②s ❞❡♣❡♥❞✐♥❣ ♦♥
t❤❡ r❡❞✉❝✐♥❣ ❛❣❡♥t ❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ ✉s❡❞✳ ❚❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ❝❧❡❛✈❛❜❧❡ ❞✐s✉❧✜❞❡
❜♦♥❞ ❞♦❞ ♥♦t s❤♦✇ ❛❞✈❡rs❡ ❡✛❡❝t t♦✇❛r❞s ❤▼❙❈ ❛tt❛❝❤♠❡♥t✳ ❆t ❧❛st✱ ❛ ❝♦♥t✐♥✉♦✉s
❝❡❧❧ ❝✉❧t✉r❡ ❡①♣❡r✐♠❡♥t ✇❛s s✉❝❝❡ss❢✉❧❧② ❝♦♥❞✉❝t❡❞ ❛♥❞ s❤♦✇❡❞ ♣r♦♠✐s✐♥❣ r❡s✉❧ts t♦
❣❛✐♥ ❤✐❣❤ ❝❡❧❧ ♥✉♠❜❡rs ✇✐t❤♦✉t t❤❡ ✉s❡ ♦❢ tr②♣s✐♥ ❢♦r ♣❛ss❛❣✐♥❣✳
✺ ❙✉♠♠❛r②
❚❤❡ ♣r❡s❡♥t❡❞ ✇♦r❦ ❛✐♠❡❞ t♦✇❛r❞s t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♠♦❞✉❧❛r s②st❡♠ ♦❢
✇❡❧❧✲❞❡✜♥❡❞ ♣♦❧②♠❡r✐❝ ❝r♦ss❧✐♥❦❡rs ❜❛s❡❞ ♦♥ ♣♦❧②✭✷✲♦①❛③♦❧✐♥❡✮s ✭P❖①✮✱ ✐♥ ♦r❞❡r t♦
♣r❡♣❛r❡ t❛✐❧♦r✲♠❛❞❡ ❤②❞r♦❣❡❧s ❛♥❞ ♠✐❝r♦❜❡❛❞s ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❝❡❧❧
r❡♣❧❛❝❡♠❡♥t t❤❡r❛♣② ❛♥❞ ✐♥ ✈✐tr♦ ❝❡❧❧ ❡①♣❛♥s✐♦♥✳
■♥s♣✐r❡❞ ❜② ♥✉♠❡r♦✉s r❡♣♦rts ❢♦r ❛ str❛✐❣❤t ❢♦r✇❛r❞ ❛♣♣r♦❛❝❤ t♦ ❝r❡❛t❡ ❤②❞r♦❣❡❧s
✈✐❛ P❖① ♠❛❝r♦♠♦♥♦♠❡rs ❛ s❡r✐❡s ♦❢ ❞✐✛❡r❡♥t t❡❧❡❝❤❡❧✐❝ P❖① ❝r♦ss❧✐♥❦❡rs ❤❛✈❡ ❜❡❡♥
s②♥t❤❡s✐③❡❞ ❛♥❞ ✈❛r✐❡❞ ✐♥ ❛r❝❤✐t❡❝t✉r❡ ✭❧✐♥❡❛r✱ st❛r❧✐❦❡✮ ❛♥❞ ❡♥❞ ❣r♦✉♣ ❢✉♥❝t✐♦♥❛❧✐t②
✭♠❡t❤❛❝r②❧❛t❡✱ ❛♠✐♥♦♦①②✱ ❛♠✐♥❡✱ t❤✐♦❧✱ ♠❛❧❡✐♠✐❞❡✱ ❛❧❧②❧❛♠✐♥❡✱ ❛③✐❞❡✮✳ ❋✉rt❤❡r♠♦r❡✱
✐t ✇❛s ❛✐♠ t♦ ✐♥tr♦❞✉❝❡ ❛ ❝❧❡❛✈✐♥❣ s✐t❡ ✭❞✐s✉❧✜❞❡✮ ✇✐t❤✐♥ t❤❡ ♣♦❧②♠❡r ❜❛❝❦❜♦♥❡ ✈✐❛
t❤❡ ✐♥✐t✐❛t♦r ♦r ❛ s✉❜s❡q✉❡♥t ❝♦✉♣❧✐♥❣ ♠❡t❤♦❞✳ ❆❧❧ ❧✐♥❡❛r ♣♦❧②♠❡rs ✇❡r❡ ♣r♦✈❡❞ t♦
❜❡ ✇❡❧❧✲❞❡✜♥❡❞ ✇✐t❤ ❞✐s♣❡rs✐t✐❡s ❜❡❧♦✇ ✶✳✸ ❛♥❞ ❤✐❣❤❧② ❢✉♥❝t✐♦♥❛❧ ❛s ❛♥ ✐♠♣♦rt❛♥t
♣r❡r❡q✉✐s✐t❡ ❢♦r ❢✉rt❤❡r ✉t✐❧✐③❛t✐♦♥ ❛s ❝r♦ss❧✐♥❦❡r✳ ❱❛r✐♦✉s st❛r✲P❖① t❡❧❡❝❤❡❧s ❝♦✉❧❞
❜❡ s✉✣❝✐❡♥t❧② s②♥t❤❡s✐③❡❞ ❜✉t ✇❡r❡ ❞✐✣❝✉❧t t♦ ❝❤❛r❛❝t❡r✐③❡ ❛♥❞ ♥❡❡❞ t♦ ❜❡ st✉❞✐❡❞
❢✉rt❤❡r ❛s t❤❡② ❞✐❞ ♥♦t r❡❛❝t ♣r♦♣❡r❧②✳
❆♥ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t ❤②❞r♦❣❡❧s ✇❡r❡ ♣r❡♣❛r❡❞ ✇✐t❤ t❛✐❧♦r✲♠❛❞❡ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧
♣r♦♣❡rt✐❡s ✭❡❧❛st✐❝✐t②✱ s✉r❢❛❝❡ ❝❤❛r❣❡✱ s✇❡❧❧✐♥❣ ❞❡❣r❡❡✮ ✈✐❛ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❤②❞r♦❣❡❧
❝♦♠♣♦s✐t✐♦♥✱ ♥❡t✇♦r❦ ❛r❝ ❧❡♥❣t❤ ❛♥❞ ❝♦♠♦♥♦♠❡r✳ ■♥ ❞❡t❛✐❧✱
♣♦❧②✭✷✲♠❡t❤②❧✲✷✲♦①❛③♦❧✐♥❡✮s ✭P▼❡❖①✮ ♠❛❝r♦♠♦♥♦♠❡rs ✇✐t❤ ❛ ❞❡❣r❡❡ ♦❢
♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ ✶✵ ❛♥❞ ✸✵ ✇❡r❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❡✐t❤❡r ❤②❞r♦♣❤✐❧✐❝ ❍❊▼❆✱ ❝❛t✐♦♥✐❝
▼❊❚❆❈ ♦r ❛♥✐♦♥✐❝ ❙P▼❆ ❝♦♠♦♥♦♠❡rs ✐♥ ❞✐✛❡r❡♥t r❛t✐♦s✳ ❚❤❡ s✇❡❧❧✐♥❣ ❞❡❣r❡❡s ♦❢
r❡s✉❧t✐♥❣ ❤②❞r♦❣❡❧s ❝♦♥s✐st❡♥t❧② ✐♥❝r❡❛s❡❞ ✇✐t❤ t❤❡ ♥❡t✇♦r❦ ❛r❝ ❧❡♥❣t❤ ✇✐t❤
♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ ✽✵✵✵✪✳ ❍♦✇❡✈❡r✱ t❤❡ ❡❧❛st✐❝✐t✐❡s s❤♦✇❡❞ ♠♦r❡ ❝♦♠♣❧❡① tr❡♥❞s
✇✐t❤ ❛ ❝♦♥tr❛r② ✐♠♣❛❝t ♦❢ ❛r❝ ❧❡♥❣t❤ ✈❡rs✉s ❡❧❡❝tr♦st❛t✐❝ r❡♣✉❧s✐♦♥ ❢♦r t❤❡ ✐♦♥✐❝
❤②❞r♦❣❡❧s✳ ❋♦r P❖①✲P▼❊❚❆❈ ❤②❞r♦❣❡❧s✱ ❛♥ ✐♥❝r❡❛s✐♥❣ ❝♦♥s❡❝✉t✐✈❡ ❝♦♠♦♥♦♠❡r
♣r♦♣♦rt✐♦♥ ❧❡❞ t♦ st✐✛❡r ❣❡❧s ✇❤✐❧❡ ❢♦r P❖①✲P❙P▼❆ ❤②❞r♦❣❡❧s t❤❡ ❛r❝ ❧❡♥❣t❤ ❤❛❞
♠♦r❡ ✐♥✢✉❡♥❝❡ ✉♣♦♥ t❤❡ st✐✛♥❡ss✳ ❚❤✐s ✇♦r❦ ♠❛✐♥❧② ❢♦❝✉s❡❞ ♦♥ t❤❡ ✉s❡ ♦❢
♠❡t❤❛❝r②❧✐❝ ❝♦♠♣♦✉♥❞s ❢♦r ❣❡❧❛t✐♦♥ ❜✉t ✐t ✐s ♥♦t❡✇♦rt❤② t❤❛t ❛❧s♦ t✉♥❛❜❧❡✱
P❖①✲❤❡♣❛r✐♥✲❜❛s❡❞ ❜✐♦❤②❜r✐❞ ❤②❞r♦❣❡❧s ✇❡r❡ s✉❝❝❡ss❢✉❧❧② ♣r❡♣❛r❡❞ ✈✐❛ t❤✐♦❧✲❡♥❡
❝♦✉♣❧✐♥❣ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞ r❡❣❛r❞✐♥❣ t❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ❛♥❞ s✇❡❧❧✐♥❣ ❞❡❣r❡❡✳
✽✸


✻ ❊①♣❡r✐♠❡♥t❛❧
✻✳✶ ❘❡❛❣❡♥ts ❛♥❞ s♦❧✈❡♥ts
❆❧❧ ❝❤❡♠✐❝❛❧s ✇❡r❡ ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤ ✭❲❡✐♥❤❡✐♠✱ ●❡r♠❛♥②✮ ♦r ❆❝r♦s
✭❘❡♥♥✐♥❣❡♥✱ ●❡r♠❛♥②✮ ❛♥❞ ✉s❡❞ ❛s r❡❝❡✐✈❡❞ ✉♥❧❡ss ♦t❤❡r✇✐s❡ st❛t❡❞✳ ❆❝❡t♦♥✐tr✐❧❡
✭❆❈◆✮✱ ❚❊❆✱ ✐Pr❖①✱ ▼❡❖❚❢✱ ❝❤❧♦r♦❜❡♥③❡♥❡ ❛♥❞ ▼❡❖① ✇❡r❡ r❡✢✉①❡❞ ♦✈❡r ❈❛❍2
❛♥❞ ❞✐st✐❧❧❡❞ ✉♥❞❡r ♥✐tr♦❣❡♥ ♣r✐♦r t♦ ✉s❡✳ ❚❤❡ ✐♥✐t✐❛t♦r ❉❇❇ ✇❛s r❡❝r②st❛❧❧✐③❡❞ ❢r♦♠
❞r② ❛❝❡t♦♥❡ ❛♥❞ ❞r✐❡❞ ✐♥ ✈❛❝✉✉♠ ❜❡❢♦r❡ ✉s❡✳ ❍❊▼❆✱ ♠❡t❤❛❝r②❧✐❝ ❛❝✐❞ ✭▼❆❆✮ ❛♥❞
P❖❚s ❤❛✈❡ ❜❡❡♥ ♣✉r✐✜❡❞ ❜② ❞✐st✐❧❧❛t✐♦♥ ✉♥❞❡r ♥✐tr♦❣❡♥✳ ❆❧❧ ❝❡❧❧ ❝✉❧t✉r❡ r❡❛❣❡♥ts ✇❡r❡
♣✉r❝❤❛s❡❞ ❢r♦♠ ❇✐♦❝❤r♦♠ ●♠❜❍ ✭❇❡r❧✐♥✱ ●❡r♠❛♥②✮ ❡①❝❡♣t ❋❇❙ ✇❛s ♣✉r❝❤❡❞ ❢r♦♠
t❤❡ ▲♦♥③❛ ●r♦✉♣ ✭❑ö❧♥✱ ●❡r♠❛♥②✮✳
✻✳✷ P♦❧②♠❡r s②♥t❤❡s✐s ❛♥❞ ♣r❡♣❛r❛t✐♦♥s
✻✳✷✳✶ ■♥✐t✐❛t♦r✭s✮
P❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡✱ ■✶
■✶ ✇❛s ♣r❡♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ♣r♦❝❡❞✉r❡ r❡♣♦rt❡❞ ♣r❡✈✐♦✉s❧② ❬✷✹✺❪✳ ❚♦ ❛♥ ✐❝❡✲❝♦♦❧❡❞
s✉s♣❡♥s✐♦♥ ♦❢ ✵✳✺ ❣ ♣❡♥t❛❡r②t❤r✐t♦❧ ✭✸✳✼ ♠♠♦❧✱ ✶ ❡q✳✮ ✷✳✺ ♠▲ ♣②r✐❞✐♥❡✱ ✹ ♠▲ ❆❈◆
❛♥❞ ✺ ❣ ♦❢ tr✐✢✐❝ ❛♥❤②❞r✐❞❡ ✭✶✼✳✼ ♠♠♦❧✱ ✹✳✽ ❡q✳✮ ✇❡r❡ ❛❞❞❡❞ ❞r♦♣✇✐s❡ ♦✈❡r ✺ ♠✐♥✳
❆❢t❡r ✇♦r❦✲✉♣ ❛♥❞ r❡❝r②st❛❧❧✐③❛t✐♦♥ ❛s r❡♣♦rt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ■✶ ✇❛s ♦❜t❛✐♥❡❞ ❛s
❛ ❝♦❧♦r❧❡ss ❝r②st❛❧❧✐♥❡ s♦❧✐❞✳
❨✐❡❧❞✿ ✽✼✳✻✹✪
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈9❍8❋12❖12❙4✱ ▼ ❂ ✻✻✹✳✸✾ ❣✴♠♦❧
❊❧❡♠❡♥t❛❧ ❛♥❛❧②s✐s✿
❈ ❍ ❙
t❤❡♦r✳ ✶✻✳✷✼ ✶✳✷✶ ✶✾✳✸✵
❡①♣✳ ✶✻✳✹✷ ✵✳✹✹✸ ✷✵✳✹✽✷
✽✻
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✽✼
O
O
O
O
S
S
S
S
F3C
O
O
CF3
OO
CF3
O
O
CF3
OO
1
2
2
2
2
3
3
3
3
1❍✲◆▼❘ ✭❛❝❡t♦♥❡✲❞6✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✷✷ ♣♣♠ ✭s✱ ❍2✮✳
13❈✲◆▼❘ ✭❛❝❡t♦♥❡✲❞6✱ ✶✷✺✳✼✺ ▼❍③✮✿ δ ❂ ✶✶✾✳✷✺ ✭q✱ 1❏ ❂ ✸✶✽✳✾ ❍③✱ ❈3✮✱ ✼✷✳✸✺ ✭❈2✮
❛♥❞ ✹✺✳✺✺ ♣♣♠ ✭❈1✮✳
♠❡❧t✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✶✻✺ ✲ ✶✻✻ ◦❈✱ ❡①♣✳✿ ✶✻✾ ◦❈
❇✐s✭✷✲✭♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧✮❡t❤②❧✮ ❞✐s✉❧✜❞❡✱ ■✷
■✷ ✇❛s ♣r❡♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ ♣r♦❝❡❞✉r❡ ❬✷✹✻❪✳ ✶✵ ❣ ✭✵✳✵✻✺ ♠♦❧✱
✶ ❡q✳✮ ❜✐s✭✷✲❤②❞r♦①②❡t❤②❧✮ ❞✐s✉❧✜❞❡ ❛♥❞ ✹✶ ♠▲ ❚❊❆ ✭✵✳✺✺✽ ♠♦❧✱ ✹✳✹ ❡q✳✮ ✇❡r❡
❞✐ss♦❧✈❡❞ ✐♥ ✸✸✵ ♠▲ ❝❤❧♦r♦❢♦r♠ ❛♥❞ t❤❡ ♠✐①t✉r❡ ✇❛s ✐❝❡✲❝♦♦❧❡❞✳ ✺✵ ❣ ✭✵✳✷✻✷ ♠♦❧✱ ✸
❡q✳✮ ♦❢ ♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧ ❝❤❧♦r✐❞❡ ✇❛s ❞✐ss♦❧✈❡❞ ✐♥ ✶✵✵ ♠▲ ❝❤❧♦r♦❢♦r♠ ❛♥❞ ❛❞❞❡❞
❞r♦♣✲✇✐s❡✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s st✐rr❡❞ ❢♦r ✶ ❤ ❛t ✵ ◦❈ ❛♥❞ ❛♥♦t❤❡r ✷ ❤ ❛t r♦♦♠
t❡♠♣❡r❛t✉r❡✳ ❆❢t❡r ✜❧tr❛t✐♦♥✱ t❤❡ ♦r❣❛♥✐❝ ♣❤❛s❡ ✇❛s ✇❛s❤❡❞ t❤r✐❝❡ ✇✐t❤ s❛t✉r❛t❡❞
◆❛❍❈❖3✱ ✇❛t❡r ❛♥❞ ❜r✐♥❡ ❛♥❞ ❞r✐❡❞ ♦✈❡r ❛♥❤②❞r♦✉s ♣♦t❛ss✐✉♠ ❝❛r❜♦♥❛t❡✳
❙✉❜s❡q✉❡♥t❧②✱ t❤❡ s♦❧✈❡♥t ✇❛s r❡♠♦✈❡❞ ❛♥❞ t❤❡ ♣r♦❞✉❝t ✇❛s ♣✉r✐✜❡❞ ❜② ❝♦❧✉♠♥
❝❤r♦♠❛t♦❣r❛♣❤② ✇✐t❤ ❡t❤②❧ ❛❝❡t❛t❡✿♣❡tr♦❧ ❡t❤❡r ✭✷✿✺✮ ❛s ❡❧✉❡♥t✳ ❚❤❡ ♦❜t❛✐♥❡❞
❝♦❧♦r❧❡ss ♣♦✇❞❡r ✇❛s ❢✉rt❤❡r ♣✉r✐✜❡❞ ❜② r❡❝r②st❛❧❧✐③❛t✐♦♥ ❢r♦♠ ❞✐❝❤❧♦r♦♠❡t❤❛♥❡
✭❉❈▼✮ ✐♥t♦ ✇❛r♠ ♣❡tr♦❧ ❡t❤❡r✳
❨✐❡❧❞✿ ✹✵✳✻✹✪
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈14❍22❖6❙4✱ ▼ ❂ ✺✷✻✳✼✺ ❣✴♠♦❧
❊❧❡♠❡♥t❛❧ ❛♥❛❧②s✐s✿
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✼✳✽ ✭❞✱ 3❏ ❂ ✽ ❍③✱ ✹❍✱ ❍3✮✱ ✼✳✸✺ ✭❞✱ 3❏ ❂ ✽ ❍③✱
✹❍✱ ❍2✮✱ ✹✳✷ ✭t✱ 3❏ ❂ ✻✳✺ ❍③✱ ✹❍✱ ❍4✮✱ ✷✳✽✸ ✭t✱ 3❏ ❂ ✻✳✺ ❍③✱ ✹❍✱ ❍5✮ ❛♥❞ ✷✳✹✹ ♣♣♠
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✽✽
❈ ❍ ❙
t❤❡♦r✳ ✸✶✳✾✷ ✹✳✷✷ ✷✹✳✸✺
❡①♣✳ ✹✻✳✽✼ ✺✳✷✷ ✷✽✳✼✻
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O
O
O
O
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232
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3
44
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✼✳✽ ✭s✱✻❍✱ ❍1✮✳
♠❡❧t✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✻✾ ◦❈✱ ❡①♣✳✿ ✻✼✳✼ ✲ ✻✽✳✺ ◦❈
Pr♦♣❛r❣②❧ t♦s②❧❛t❡✱ ■✸
■✸ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❛♥❞ ❞❡st✐❧❧❡❞ ✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s ❛♥❞
✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡✳ ■✸ ✇❛s st♦r❡❞ ❛t ✲✷✵◦❈ ✐♥s✐❞❡ t❤❡ ❣❧♦✈❡ ❜♦①✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈10❍10❖3❙✱ ▼ ❂ ✷✶✵✳✷✺ ❣✴♠♦❧
O S
O
O
1
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2
3
3
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5
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✼✳✽ ✭❞✱ ✷❍✱ ❍3✮✱ ✼✳✸✺ ✭❞✱ ✷❍✱ ❍4✮✱ ✹✳✻ ✭t✱ ✶❍✱ ❍5✮
❛♥❞ ✷✳✹ ♣♣♠ ✭s✱ ✸❍✱ ❍1✮✳
❜♦✐❧✐♥❣ ♣♦✐♥t✿ ✶✵✼ ✲ ✶✶✵ ◦❈✴✶♠♠❍❣
tr❛♥s✲✶✱✹✲❉✐❜r♦♠♦✲❜✉t✲✷✲❡♥❡✱ ■✹
■✹ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❛♥❞ r❡❝r②st❛❧❧✐③❡❞ ❢r♦♠ ❞r② ❛❝❡t♦♥❡ ❛♥❞
st♦r❡❞ ❛t ✲✷✵◦❈ ✐♥s✐❞❡ t❤❡ ❣❧♦✈❡ ❜♦①✳ ■✹ ✇❛s ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ❢♦r ❛t ❧❡❛st ✸✵
♠✐♥✉t❡s ♣r✐♦r t♦ ✉s✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈4❍6❇r2✱ ▼ ❂ ✷✶✸✳✾ ❣✴♠♦❧
❊❧❡♠❡♥t❛❧ ❛♥❛❧②s✐s✿
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✽✾
❈ ❍ ❇r
t❤❡♦r✳ ✷✷✳✹✻ ✷✳✽✸ ✷✷✳✹✻
❡①♣✳ ✷✷✳✶✾ ✷✳✻✻ ✷✽✳✼✻
Br
Br
1
1
2
2
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✾✻ ✭♠✱ ✷❍✱ ❍1✮ ❛♥❞ ✸✳✾✹ ✭q✱ ✹❍✱ ❍2✮✳
♠❡❧t✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✹✽ ✲ ✺✶ ◦❈
✻✳✷✳✷ ❚❡r♠✐♥❛t✐♥❣ ❛❣❡♥t✭s✮
▼❡t❤❛❝r②❧✐❝ ❛❝✐❞✱ ❚✶
❚✶ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞✐st✐❧❧❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡ ❛♥❞
st♦r❡❞ ❛t ✺◦❈ ✐♥ ❛ ❜r♦✇♥ s❝❤❧❡♥❦ ✢❛s❦✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈4❍6❖2✱ ▼ ❂ ✽✻✳✵✾ ❣✴♠♦❧
O
OH
1
2
3
4
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✶✷✳✷ ✭s✱ ✶❍✱ ❍1✮✱ ✻✳✷✼ ✭s✱ ✶❍✱ ❍3✮✱ ✺✳✻✾ ✭s✱ ✶❍✱ ❍4✮
❛♥❞ ✶✳✾✼ ♣♣♠ ✭s✱ ✸❍✱ ❍2✮✳
❜♦✐❧✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✸✶ ◦❈✴✶♠❜❛r
◆✲❍②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡✱ ❚✷
❚✷ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡ ❛♥❞ st♦r❡❞
✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✵
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈8❍5◆❖3✱ ▼ ❂ ✶✻✸✳✶✸ ❣✴♠♦❧
N
O
O
OH
1
1
1
1
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✼✳✽ ♣♣♠ ✭s✱ ✹❍✱ ❍1✮✳
P♦t❛ss✐✉♠ ♣❤t❤❛❧✐♠✐❞❡✱ ❚✸
❚✸ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡ ❛♥❞ st♦r❡❞
✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈8❍4◆❖2❑✱ ▼ ❂ ✶✽✺✳✷✷ ❣✴♠♦❧
N
O
O
1
1
1
1
K
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✼✳✽ ♣♣♠ ✭s✱ ✹❍✱ ❍1✮✳
P♦t❛ss✐✉♠ t❤✐♦❛❝❡t❛t❡✱ ❚✹
❚✹ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡ ❛♥❞ st♦r❡❞
✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈2❍3❖❙❑✱ ▼ ❂ ✶✶✹✳✷✶ ❣✴♠♦❧
S
O
K
1
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✷✳✸✺ ♣♣♠ ✭s✱ ✸❍✱ ❍1✮✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✶
❋✉r❛♥♦ ♠❛❧❡✐♠✐❞❡✱ ❚✺
❚✺ ✇❛s ♣r❡♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ ♣r♦❝❡❞✉r❡ ❬✷✻✹❪✳ ❚♦ ❛ s✉s♣❡♥s✐♦♥
♦❢ ✸ ❣ ✭✵✳✵✹✹ ♠♦❧✱ ✶✳✺ ❡q✳✮ ❢✉r❛♥ ✐♥ ✺✵ ♠▲ ✇❛t❡r ✷✳✽✺ ❣ ✭✵✳✵✷✾ ♠♦❧✱ ✶ ❡q✳✮ ♠❛❧❡✐♠✐❞❡
✇❛s ❛❞❞❡❞ ❛♥❞ st✐rr❡❞ ♦✈❡r♥✐❣❤t ❛t ✾✵◦❈✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s s❧♦✇❧② ❝♦♦❧❡❞ ❞♦✇♥ t♦ ✺
◦❈✱ t❤❡ ❝r②st❛❧❧✐③❡❞ ♣r♦❞✉❝t ✜❧t❡r❡❞ ❛♥❞ ✇❛s❤❡❞ t❤r✐❝❡ ✇✐t❤ ✺✵ ♠▲ ❞r② ❞✐❡t❤②❧ ❡t❤❡r✳
❆❢t❡r✇❛r❞s✱ ❚✺ ✇❛s ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ❢♦r ✷ ❤♦✉rs✳
❨✐❡❧❞✿ ✷✹✳✷✪
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈8❍7◆❖3✱ ▼ ❂ ✶✻✺✳✶✺ ❣✴♠♦❧
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O
O
O
12
3
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4
3
2
1❍✲◆▼❘ ✭❉▼❙❖✲❞6✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✶✶✳✶✻ ✭s✱ ✶❍✱ ❍1✮✱ ✻✳✺✸ ✭s✱ ✷❍✱ ❍4✮✱ ✺✳✶✶ ✭s✱ ✷❍✱
❍3✮ ❛♥❞ ✷✳✽✺ ♣♣♠ ✭s✱ ✷❍✱ ❍2✮✳
♠❡❧t✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✶✻✷ ◦❈✱ ❡①♣✳✿ ✶✻✸ ◦❈
❙♦❞✐✉♠ ❛③✐❞❡✱ ❚✻
❚✻ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ♣r✐♦r t♦ ✉s❡ ❛♥❞ st♦r❡❞
✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ◆3◆❛✱ ▼ ❂ ✻✺ ❣✴♠♦❧
NaN3
❆❧❧②❧❛♠✐♥❡✱ ❚✼
❚✼ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❞✐st✐❧❧❡❞ ✉♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s ♣r✐♦r t♦ ✉s❡
❛♥❞ st♦r❡❞ ❛t ✺◦❈ ✐♥ ❛ ❜r♦✇♥ s❝❤❧❡♥❦ ✢❛s❦✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈3❍7◆✱ ▼ ❂ ✺✼✳✶ ❣✴♠♦❧
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✽✺ ✭♠✱ ✶❍✱ ❍3✮✱ ✺✳✷✽ ✭♠✱ ✷❍✱ ❍4,5✮✱ ✸✳✸✶ ✭❞✱ ✷❍✱
❍2✮ ❛♥❞ ✶✳✷✾ ♣♣♠ ✭s✱ ✷❍✱ ❍1✮✳
❜♦✐❧✐♥❣ ♣♦✐♥t✿ ❧✐t✳✿ ✺✸ ◦❈
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✷
NH2
12
3
4
5
✻✳✷✳✸ ▲✐♥❦❡r✭s✮
◆✱◆✬✲✭❉✐s✉❧❢❛♥②❧❞✐②❧ ❜✐s✭❡t❤❛♥❡✲✶✱✷✲❞✐②❧✮✮❜✐s✭✷✲❝❤❧♦r♦ ❛❝❡t❛♠✐❞❡✮✱ ▲✶
❚♦ ❛ ♠✐①t✉r❡ ♦❢ ✶✶ ❣ ✭✵✳✵✹✾ ♠♦❧✱ ✶ ❡q✳✮ ❝②st❡❛♠✐♥❡ ❞✐❤②❞r♦❝❤❧♦r✐❞❡ ❛♥❞ ✶✵✵ ♠▲
▼✐❧❧✐✲◗ ✇❛t❡r✱ ✺✵ ♠▲ ♦❢ ❛ ✶✳✺ ♥ ◆❛❖❍ s♦❧✉t✐♦♥ ✇❛s ❛❞❞❡❞ ❛♥❞ ❝♦♦❧❡❞ t♦ ✵◦❈✳ ✶✸✳✽ ❣
✭✵✳✶✶ ♠♦❧✱ ✷✳✷ ❡q✳✮ ❝❤❧♦r♦❛❝❡t②❧ ❝❤❧♦r✐❞❡ ✇❛s ❛❞❞❡❞ ❞r♦♣✲✇✐s❡✱ ✇❤✐❧❡ ♠❛✐♥t❛✐♥✐♥❣ t❤❡
♣❍✲✈❛❧✉❡ ❜❡t✇❡❡♥ ✼ ❛♥❞ ✾ ❜② ❛❞❞✐♥❣ ✷ ♥ ◆❛❖❍✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s st✐rr❡❞ ❢✉rt❤❡r ✸
❞❛②s ❛t rt ✇✐t❤ ❛ ✜♥❛❧ ♣❍✲✈❛❧✉❡ ♦❢ ✼✳✺✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✇❤✐t❡ s♦❧✐❞ ✇❛s ✜❧t❡r❡❞✱
✇❛s❤❡❞ ✇✐t❤ ✶✵✵ ♠▲ ▼✐❧❧✐✲◗ ✇❛t❡r ❛♥❞ ❞r✐❡❞ ✉♥❞❡r ❤✐❣❤✲✈❛❝✉✉♠ ♦✈❡r♥✐❣❤t✳ ▲✶ ✇❛s
♦❜t❛✐♥❡❞ ❛s ❛ ❝♦❧♦r❧❡ss ♣♦✇❞❡r✳
❨✐❡❧❞✿ ✾✾✪
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈8❍14◆2❖2❙2❈❧2✱ ▼ ❂ ✸✵✺✳✷✹ ❣✴♠♦❧
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S
NH
NH
O
Cl
O
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1
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1❍✲◆▼❘ ✭❉▼❙❖✲❞6✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✽✳✹✶ ✭t✱ 2,3❏ ❂ ✺✳✷✼ ❍③✱ ✷❍✱ ❍2✮✱ ✹✳✵✼ ✭s✱ ✹❍✱
❍1✮✱ ✸✳✽✹ ✭q✱ 1,2❏ ❂ ✻✳✹✹ ❍③✱ 2,3❏ ❂ ✶✷✳✼✼ ❍③✱ ✹❍✱ ❍3✮ ❛♥❞ ✷✳✽ ♣♣♠ ✭t✱ 1,2❏ ❂ ✻✳✽✶
❍③✱ ✹❍✱ ❍4✮✳
◆✱◆✬✲✭❉✐s✉❧❢❛♥②❧❞✐②❧ ❜✐s✭❡t❤❛♥❡✲✶✱✷✲❞✐②❧✮✮❜✐s✭✷✲❛③✐❞♦ ❛❝❡t❛♠✐❞❡✮✱ ▲✷
❆ ♣♦rt✐♦♥ ♦❢ ✺ ❣ ✭✵✳✵✶✻ ♠♦❧✱ ✶ ❡q✳✮ ▲✶ ✇❡r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✸✸ ♠▲ ❞✐♠❡t❤②❧❢♦r♠❛♠✐❞❡
✭❉▼❋✮ ❛♥❞ ✷✳✻✻ ❣ ✭✵✳✵✹ ♠♦❧✱ ✷✳✺ ❡q✳✮ s♦❞✐✉♠ ❛③✐❞❡ ✇❡r❡ s❧♦✇❧② ❛❞❞❡❞✳ ❚❤❡ r❡❛❝t✐♦♥
♠✐①t✉r❡ ✇❛s st✐rr❡❞ ❛t ✻✵ ◦❈ ♦✈❡r♥✐❣❤t✳ ❚♦ t❤❡ r❛✇ ♣r♦❞✉❝t ✼✺ ♠▲ ❉❈▼ ✇❡r❡
❛❞❞❡❞ ❛♥❞ t❤❡ ♦r❣❛♥✐❝ ♣❤❛s❡ ✇❛s ♣✉r✐✜❡❞ ❜② ❡①tr❛❝t✐♦♥ ✇✐t❤ ✸ ① ✷✵✵ ♠▲ ▼✐❧❧✐✲◗
✇❛t❡r✳ ❆❢t❡r t❤❡ s♦❧✈❡♥t ✇❛s r❡♠♦✈❡❞ ▲✷ ✇❛s ♣r❡❝✐♣✐t❛t❡❞ ✐♥ ✐❝❡✲❝♦❧❞ ❞✐❡t❤②❧ ❡t❤❡r
❛♥❞ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ t♦ ♦❜t❛✐♥ ❛ ❝♦❧♦r❧❡ss ♣♦✇❞❡r✳
❨✐❡❧❞✿ ✸✺✳✶✷✪
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✸
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿ ❈8❍14◆8❖2❙2✱ ▼ ❂ ✸✶✽✳✸✽ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❉▼❙❖✲❞6✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✽✳✸✶ ✭t✱ 2,3❏ ❂ ✺✳✸✽ ❍③✱ ✷❍✱ ❍2✮✱ ✸✳✽✻ ✭q✱ 1,2❏ ❂
✻✳✹✽ ❍③✱ 2,3❏ ❂ ✶✷✳✽✼ ❍③✱ ✹❍✱ ❍3✮✱ ✸✳✽✸ ✭s✱ ✹❍✱ ❍1✮ ❛♥❞ ✷✳✽ ♣♣♠ ✭t✱ 1,2❏ ❂ ✻✳✹✽ ❍③✱
✹❍✱ ❍4✮✳
✻✳✷✳✹ P♦❧②♠❡r✭s✮
❚r✐✢❛t❡ ✐♥✐t✐❛t♦r s②st❡♠s✱ ●❙P ✶
❯♥❧❡ss ♦t❤❡r✇✐s❡ st❛t❡❞✱ ❛❧❧ ♣♦❧②♠❡r✐③❛t✐♦♥s ✉s✐♥❣ tr✐✢❛t❡s ❛s ✐♥✐t✐❛t♦r ✇❡r❡ ❝❛rr✐❡❞
♦✉t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦❝❡❞✉r❡✳ ❯♥❞❡r ✐♥❡rt ❝♦♥❞✐t✐♦♥s ✭❣❧♦✈❡ ❜♦①✮ ❛t ✜rst
t❤❡ ✐♥✐t✐❛t♦r ✇❛s ❛❞❞❡❞ t♦ ❛ ❞r② s❝❤❧❡♥❦✲✢❛s❦✳ ❙✉❜s❡q✉❡♥t❧②✱ ❆❈◆ ✇❛s ❛❞❞❡❞ t♦
❛❞❥✉st ❛ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✵✳✸✺ ▼✳ ❋✐♥❛❧❧②✱ t❤❡ ♠♦♥♦♠❡r ✇❛s ❛❞❞❡❞ ❛♥❞
❛❢t❡r st✐rr✐♥❣ ❛t ✽✺◦❈ ❢♦r ❛ ❝❛❧❝✉❧❛t❡❞ ♣❡r✐♦❞ ✉s✐♥❣ ❦appP ♦❢ ✻✳✹
L
mmol·s
t❤❡ r❡❛❝t✐♦♥
✇❛s t❡r♠✐♥❛t❡❞ ✇✐t❤ ❛♥ ❡①❝❡ss ♦❢ ✷✳✺ ❡q✳ t❡r♠✐♥❛t✐♥❣ ❛❣❡♥t ♣❡r ❧✐✈✐♥❣ ❝❤❛✐♥ ❡♥❞ ❛♥❞
st✐rr❡❞ ❢♦r ❛❞❞✐t✐♦♥❛❧ t✐♠❡ ❛t ❝❡rt❛✐♥ t❡♠♣❡r❛t✉r❡s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ t❡r♠✐♥❛t♦r✳
❆♥ ❡①❝❡ss ♦❢ ❑2❈❖3 ✭♠✐♥✐♠✉♠ ✵✳✺ ❡q✳ ✐♥ r❡s♣❡❝t ♦❢ t❤❡ ✐♥✐t✐❛t♦r✮ ✇❛s ❛❞❞❡❞ ❛♥❞ t❤❡
♠✐①t✉r❡ ✇❛s st✐rr❡❞ ♦✈❡r♥✐❣❤t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ t②♣✐❝❛❧❧② t✉r❜✐❞ s♦❧✉t✐♦♥ ✇❛s
❝❡♥tr✐❢✉❣❡❞✱ ✜❧t❡r❡❞ ✭✵✳✷✹ µ♠✮ ❛♥❞ t❤❡ s♦❧✈❡♥t r❡♠♦✈❡❞✳ ❚❤❡ r❡s✐❞✉❛❧ ✇❛s ❝♦❧❧❡❝t❡❞ ✐♥
♠❡t❤❛♥♦❧ ✭▼❡❖❍✮ t♦ ❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✵✳✶✷✺ ❣✴♠▲✳ ❚❤❡ ♣♦❧②♠❡r ✇❛s ♣r❡❝✐♣✐t❛t❡❞ ❜②
❛❞❞✐♥❣ t❤❡ s♦❧✉t✐♦♥ t♦ t❤❡ t❡♥✲❢♦❧❞ ❛♠♦✉♥t ♦❢ ✐❝❡✲❝♦❧❞ ❞✐❡t❤②❧ ❡t❤❡r✳ ❚❤❡ s✉s♣❡♥t✐♦♥
✇❛s ❝❡♥tr✐❢✉❣❡❞✱ t❤❡ ♣r❡❝✐♣✐t❛t❡ s❡♣❛r❛t❡❞✱ ❞r✐❡❞ ✉♥❞❡r ✈❛❝✉✉♠ ❛♥❞ ❧②♦♣❤✐❧✐③❡❞ ❢r♦♠
✇❛t❡r✳ ■❢ ♥❡❝❡ss❛r② t❤❡ ♣♦❧②♠❡rs ✇❡r❡ ❞✐❛❧②s❡❞ ❛♥❞ ❧②♦♣❤✐❧✐③❡❞ ❛❣❛✐♥✳
❚♦s②❧❛t❡ ❛♥❞ ❜r♦♠♦ ✐♥✐t✐❛t♦r s②st❡♠s✱ ●❙P ✷
❯♥❧❡ss ♦t❤❡r✇✐s❡ st❛t❡❞✱ ❛❧❧ ♣♦❧②♠❡r✐③❛t✐♦♥s ✉s✐♥❣ t♦s②❧❛t❡ ♦r ❜r♦♠✐♥❡ ❛s ✐♥✐t✐❛t♦r
✇❡r❡ ❝❛rr✐❡❞ ♦✉t ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶ ✇❤✐❧❡ ❛❞❥✉st✐♥❣ t❤❡ ♠♦♥♦♠❡r ❝♦♥❝❡♥tr❛t✐♦♥ t♦
✷✳✾✱ t❤❡ r❡❛❝t✐♦♥ t❡♠♣❡r❛t✉r❡ t♦ ✼✵◦❈ ❛♥❞ t❤❡ ♣r♦♣❛❣❛t✐♦♥ r❛t❡s t♦ ✶✳✹✸ L
mmol·s
❛♥❞
✶✳✵✻ L
mmol·s
❢♦r t♦s②❧❛t❡ ❛♥❞ ❜r♦♠✐♥❡ ✐♥✐t✐❛t♦rs✱ r❡s♣❡❝t✐✈❡❧②✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✹
✻✳✷✳✹✳✶ ▼♦♥♦❢✉♥❝t✐♦♥❛❧❧② ✐♥✐t✐❛t❡❞ ♣♦❧②♠❡r✭s✮
P▼❡❖①n✲♣✐♣❡r✐❞✐♥❡✱ ●P❈ st❛♥❞❛r❞s✱ ✭❙✶ ✲ ✻✮
■♥✐t✐❛t♦r✿ ▼❡❖❚❢
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ P✐♣❡r✐❞✐♥❡
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①10 ❙✶ ▲✉❡❙✵✽✵ ✶✵ ✾ ✾✷✽ ✾✹✾ ✶✳✶✹
P▼❡❖①20 ❙✷ ▲✉❡❙✵✽✶ ✷✵ ✶✾ ✶✽✶✼ ✶✽✵✵ ✶✳✵✽
P▼❡❖①30 ❙✸ ▲✉❡❙✵✽✷ ✸✵ ✷✼ ✷✹✽✶ ✷✹✽✷ ✶✳✶✺
P▼❡❖①50 ❙✹ ▲✉❡❙✵✽✸ ✺✵ ✺✵ ✹✹✹✾ ✹✺✸✻ ✶✳✶✺
P▼❡❖①100 ❙✺ ▲✉❡❙✵✽✹ ✶✵✵ ✾✸ ✽✵✷✸ ✽✶✶✾ ✶✳✶✸
P▼❡❖①200 ❙✻ ▲✉❡❙✵✽✺ ✷✵✵ ✷✵✵ ✶✺✻✼✼ ✶✻✺✵✵ ✶✳✷✹
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✻✵ ◦❈ ❢♦r ✶
❤♦✉r✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
❙✶ ❈46❍83◆11❖10✱ ▼ ❂ ✾✺✵✳✷✸ ❣✴♠♦❧
❙✷ ❈86❍153◆21❖20✱ ▼ ❂ ✶✽✵✶✳✷✾ ❣✴♠♦❧
❙✸ ❈126❍223◆31❖30✱ ▼ ❂ ✷✻✺✷✳✸✼ ❣✴♠♦❧
❙✹ ❈206❍363◆51❖50✱ ▼ ❂ ✹✸✺✹✳✹✻ ❣✴♠♦❧
❙✺ ❈406❍713◆101❖100✱ ▼ ❂ ✽✻✵✾✳✼✹ ❣✴♠♦❧
❙✻ ❈806❍1413◆201❖200✱ ▼ ❂ ✶✼✶✷✵✳✼✹ ❣✴♠♦❧
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✸✳✹✾ ✭♠✱ ❍2✮✱ ✷✳✾✸ ✭♠✱ ✸❍✱ ❍1✮✱ ✷✳✼✽ ✭♠✱ ✹❍✱ ❍4✮✱
✷✳✶✻ ✭♠✱ ❍3✮ ❛♥❞ ✶✳✺✸ ♣♣♠ ✭♠✱ ✻❍✱ ❍5,6✮✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✺
N N
O
n
1
2
3
4
5
4
5
6
Pr♦♣❛r❣②❧✲P▼❡❖①n✲♠❡t❤❛❝r②❧❛t❡✱ P✶ ❛♥❞ P✷
■♥✐t✐❛t♦r✿ Pr♦♣❛r❣②❧ t♦s②❧❛t❡ ✭■✸✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ▼❡t❤❛❝②❧✐❝ ❛❝✐❞ ✭❚✶✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
PP▼❡❖①5✲▼❆ P✶ ▲✉❡❙✵✹✽ ✺ ✺ ✺✹✷ ✲ ✶✳✶✹
PP▼❡❖①15✲▼❆ P✷ ▲✉❡❙✵✹✻ ✶✺ ✶✺ ✶✽✼✵ ✶✹✼✹ ✶✳✶✼
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✷✳✺ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶ ❈27❍43◆5❖7✱ ▼ ❂ ✺✹✾✳✻✻ ❣✴♠♦❧
P✷ ❈67❍113◆15❖17✱ ▼ ❂ ✶✹✵✵✳✼ ❣✴♠♦❧
N
O
O
O
n
1
2
3
4
5
6
7
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✵✽ ✭s✱ ✶❍✱ ❍5✮✱ ✺✳✻ ✭s✱ ✶❍✱ ❍6✮✱ ✹✳✶✶ ✭♠✱ ✷❍✱ ❍2✮✱
✸✳✹✾ ✭♠✱ ❍3✮✱ ✷✳✷✾ ✭s✱ ✶❍✱ ❍1✮✱ ✷✳✶✻ ✭♠✱ ❍4✮ ❛♥❞ ✶✳✾✶ ♣♣♠ ✭♠✱ ✸❍✱ ❍7✮✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✻
✻✳✷✳✹✳✷ ❇✐s❢✉♥❝t✐♦♥❛❧❧② ✐♥✐t✐❛t❡❞ ♣♦❧②♠❡r✭s✮
P▼❡❖①n ❞✐♠❡t❤❛❝r②❧❛t❡✱ P✸ ❛♥❞ P✹
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ▼❡t❤❛❝②❧✐❝ ❛❝✐❞ ✭❚✶✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①10✲❉▼❆ P✸ ▲✉❡❙✵✹✼ ✶✵ ✺ ✶✵✺✵ ✶✷✹✼✳✷ ✶✳✶✾
P▼❡❖①30✲❉▼❆ P✹ ▲✉❡❙✵✹✺ ✸✵ ✶✺ ✷✽✼✵ ✸✵✼✹ ✶✳✶✸
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✺ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✸ ❈52❍86◆10❖14✱ ▼ ❂ ✶✵✼✺✳✷✾ ❣✴♠♦❧
P✹ ❈132❍226◆30❖34✱ ▼ ❂ ✷✼✼✼✳✸✾ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✵✽ ✭s✱ ✶❍✱ ❍5✮✱ ✺✳✻ ✭s✱ ✸❍✱ ❍1,6✮✱ ✸✳✾✹ ✭♠✱ ❍2✮✱
✸✳✹✾ ✭♠✱ ❍3✮✱ ✷✳✶✻ ✭♠✱ ❍4✮ ❛♥❞ ✶✳✾✶ ♣♣♠ ✭♠✱ ✸❍✱ ❍7✮✳
P✐Pr❖①n ❞✐♠❡t❤❛❝r②❧❛t❡✱ P✺ ❛♥❞ P✻
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ✐Pr❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ▼❡t❤❛❝r②❧✐❝ ❛❝✐❞ ✭❚✶✮
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✼
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P✐Pr❖①10✲❉▼❆ P✺ ▲✉❡❙✵✺✸ ✶✵ ✺ ✶✹✺✵ ✶✸✸✶ ✶✳✶✾
P✐Pr❖①30✲❉▼❆ P✻ ▲✉❡❙✵✺✹ ✸✵ ✶✹ ✸✽✼✵ ✸✺✺✹ ✶✳✷
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✺ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✺ ❈72❍116◆10❖14✱ ▼ ❂ ✶✸✹✺✳✼✹ ❣✴♠♦❧
P✻ ❈192❍316◆30❖34✱ ▼ ❂ ✸✺✽✽✳✼✹ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✵✽ ✭s✱ ✶❍✱ ❍5✮✱ ✺✳✻ ✭s✱ ✸❍✱ ❍1,6✮✱ ✸✳✾✹ ✭♠✱ ❍2✮✱
✸✳✹✾ ✭♠✱ ❍3✮✱ ✶✳✾✶ ✭♠✱ ✸❍✱ ❍7✮ ❛♥❞ ✶✳✶✻ ♣♣♠ ✭♠✱ ❍4✮✳
P▼❡❖①n ❞✐t❤✐♦❛❝❡t❛t❡✱ P✼ ✲ P✶✶
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ P♦t❛ss✐✉♠ t❤✐♦❛❝❡t❛t❡ ✭❚✹✮
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✽
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①10✲❉❚❆❝ P✼ ▲✉❡❙✵✻✺ ✶✵ ✺ ✶✵✼✾ ✶✵✻✻ ✶✳✷✼
P▼❡❖①20✲❉❚❆❝ P✽ ▲✉❡❙✵✻✽ ✷✵ ✾ ✶✼✼✵ ✶✽✸✹ ✶✳✶✻
P▼❡❖①30✲❉❚❆❝ P✾ ▲✉❡❙✵✻✾ ✸✵ ✶✺ ✷✽✹✽ ✷✼✸✹ ✶✳✷
P▼❡❖①50✲❉❚❆❝ P✶✵ ▲✉❡❙✵✻✻ ✺✵ ✷✵ ✷✸✻✵ ✸✵✸✷ ✶✳✸✹
P▼❡❖①100✲❉❚❆❝ P✶✶ ▲✉❡❙✵✻✼ ✶✵✵ ✹✶ ✻✶✻✺ ✺✽✸✹ ✶✳✷✽
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✼ ❈18❍82◆10❖12❙2✱ ▼ ❂ ✶✵✺✹✳✸✹ ❣✴♠♦❧
P✽ ❈28❍152◆20❖22❙2✱ ▼ ❂ ✶✾✵✺✳✹✹ ❣✴♠♦❧
P✾ ❈38❍222◆30❖32❙2✱ ▼ ❂ ✷✼✺✻✳✺✹ ❣✴♠♦❧
P✶✵ ❈58❍362◆50❖52❙2✱ ▼ ❂ ✹✹✺✾✳✺✸ ❣✴♠♦❧
P✶✶ ❈108❍712◆100❖102❙2✱ ▼ ❂ ✽✼✶✹✳✼✻ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✻ ✭s✱ ✷❍✱ ❍1✮✱ ✸✳✾✹ ✭♠✱ ✹❍ ❍2✮✱ ✸✳✹✾ ✭♠✱ ❍3✮✱
✷✳✸✺ ✭♠✱ ✻❍✱ ❍5✮ ❛♥❞ ✷✳✶✻ ♣♣♠ ✭♠✱ ❍4✮✳
P✐Pr❖①n ❞✐t❤✐♦❛❝❡t❛t❡✱ P✶✷
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ✐Pr❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ P♦t❛ss✐✉♠ t❤✐♦❛❝❡t❛t❡ ✭❚✹✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P✐Pr❖①30✲❉❚❆❝ P✶✷ ▲✉❡❙✵✼✸ ✸✵ ✶✹ ✸✹✶✶ ✸✷✼✼ ✶✳✵✽
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✾✾
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶✷ ❈188❍312◆30❖32❙2✱ ▼ ❂ ✸✺✻✽✳✽ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✻ ✭s✱ ✷❍✱ ❍1✮✱ ✸✳✾✹ ✭♠✱ ❍2✮✱ ✸✳✹✾ ✭♠✱ ❍3✮✱ ✷✳✸ ✭❞✱
✻❍✱ ❍5✮ ❛♥❞ ✶✳✶✻ ♣♣♠ ✭♠✱ ❍4✮✳
P▼❡❖①n ❞✐❢✉r❛♥♦ ♠❛❧❡✐♠✐❞❡✱ P✶✸ ❛♥❞ P✶✹
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ❋✉r❛♥♦ ♠❛❧❡✐♠✐❞❡ ✭❚✺✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①30✲❉❋▼ P✶✸ ▲✉❡❙✵✺✻ ✸✵ ✶✷ ✶✼✾✽ ✶✼✹✶ ✶✳✷✶
P▼❡❖①100✲❉❋▼ P✶✹ ▲✉❡❙✵✺✶ ✶✵✵ ✹✾ ✽✾✸✹ ✽✽✽✸ ✶✳✷✹
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✺ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✵
P✶✸ ❈140❍228◆32❖36✱ ▼ ❂ ✷✾✸✺✳✶✶ ❣✴♠♦❧
P✶✹ ❈420❍718◆102❖106✱ ▼ ❂ ✽✽✾✷✳✽✶ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✺✵ ✭❜r✱ ✹❍✱ ❍7✮✱ ✺✳✺✼ ✭❜r✱ ✷❍✱ ❍1✮✱ ✺✳✷✽ ✭❜r✱ ✹❍✱
❍6✮✱ ✸✳✾✹ ✭❜r✱ ✹❍✱ ❍2✮✱ ✸✳✹✻ ✭♠✱ ❍3✮✱ ✷✳✻✽ ✭❜r✱ ✹❍✱ ❍5✮ ❛♥❞ ✸✳✹✻ ♣♣♠ ✭♠✱ ❍4✮✳
P▼❡❖①n ❞✐❛③✐❞❡✱ P✶✺
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ❙♦❞✐✉♠ ❛③✐❞❡ ✭❚✻✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①30✲❉❆③ P✶✺ ▲✉❡❙✵✽✺ ✸✵ ✶✹ ✷✸✺✻ ✷✷✷✽✳✽ ✶✳✷✺
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶✺ ❈34❍216◆36❖30✱ ▼ ❂ ✷✻✸✼✳✸ ❣✴♠♦❧
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✺✺ ✭❜r✱ ✷❍✱ ❍1✮✱ ✸✳✾✸ ✭❜r✱ ✹❍✱ ❍2✮✱ ✸✳✹✺ ✭♠✱ ❍3✮
❛♥❞ ✷✳✶✸ ♣♣♠ ✭♠✱ ❍4✮✳
P▼❡❖①n ❞✐❛❧❧②❧ ❛♠✐♥❡✱ P✶✻
■♥✐t✐❛t♦r✿ tr❛♥s✲✶✱✹✲❞✐❜r♦♠♦ ❜✉t✲✷✲❡♥❡ ✭■✹✮
▼♦♥♦♠❡r✿ ▼❡❖①
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✶
N
O
N3
n
3
4
NN3
n
1
2
1
2
3
4
O
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ❆❧❧②❧❛♠✐♥❡ ✭❚✼✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
P▼❡❖①30✲❉❆❆ P✶✻ ▲✉❡❙✵✽✻ ✸✵ ✶✸ ✶✽✼✽ ✷✷✾✵✳✽ ✶✳✷
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✷✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶✻ ❈40❍226◆32❖30✱ ▼ ❂ ✷✻✻✺✳✸ ❣✴♠♦❧
N
O
H
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n
3
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n
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1
2
3
4
O5
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7
7
6
5
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8
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✺✳✽✺ ✭♠✱ ✷❍✱ ❍6✮✱ ✺✳✺✻ ✭❜r✱ ✷❍✱ ❍1✮✱ ✺✳✷✽ ✭♠✱ ✷❍✱
❍7✮✱ ✺✳✵✻ ✭♠✱ ✷❍✱ ❍8✮✱ ✸✳✾✹ ✭♠✱ ✹❍✱ ❍2✮✱ ✸✳✹✺ ✭♠✱ ❍3✮✱ ✸✳✶✺ ✭❜r✱ ✹❍✱ ❍5✮ ❛♥❞ ✷✳✶✹
♣♣♠ ✭♠✱ ❍4✮✳
❉❙✲P▼❡❖①n ❞✐♠❡t❤❛❝r②❧❛t❡✱ P✶✼ ❛♥❞ P✶✽
■♥✐t✐❛t♦r✿ ❇✐s✭✷✲✭♣✲t♦❧✉❡♥❡s✉❧❢♦♥②❧✮❡t❤②❧✮ ❞✐s✉❧✜❞❡ ✭■✷✮
▼♦♥♦♠❡r✿ ▼❡❖①
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✷
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ▼❡t❤❛❝②❧✐❝ ❛❝✐❞ ✭❚✶✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ ▼
c
p ❬❣✴♠♦❧❪ Ð
b
❉❙✲P▼❡❖①10✲❉▼❆ P✶✼ ▲✉❡❙✵✸✻ ✶✵ ✽ ✾✻✼ ✲ ✶✳✺✷
❉❙✲P▼❡❖①30✲❉▼❆ P✶✽ ▲✉❡❙✵✸✼ ✸✵ ✶✸ ✷✵✷✼ ✷✷✾✵✳✽ ✶✳✹✸
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
c ❉❡t❡r♠✐♥❡❞ ❜② ▼❆▲❉■✲❚♦❋✲▼❙
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶✼ ❈52❍88◆10❖14❙2✱ ▼ ❂ ✶✶✹✶✳✹✹ ❣✴♠♦❧
P✶✽ ❈132❍228◆30❖34❙2✱ ▼ ❂ ✷✽✹✸✳✺✸ ❣✴♠♦❧
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O
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2
SS
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O
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1
7
1❍✲◆▼❘ ✭❈❉❈❧3✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✵✽ ✭s✱ ✷❍✱ ❍5✮✱ ✺✳✻ ✭s✱ ✷❍✱ ❍6✮✱ ✸✳✾✶ ✭♠✱ ❍2✮✱ ✸✳✹✾
✭♠✱ ❍3✮✱ ✷✳✾✶ ✭s✱ ✹❍✱ ❍1✮✱ ✷✳✶✻ ✭♠✱ ❍4✮ ❛♥❞ ✶✳✾✶ ♣♣♠ ✭♠✱ ✸❍✱ ❍7✮✳
✻✳✷✳✹✳✸ ❚❡tr❛❦✐s❢✉♥❝t✐♦♥❛❧❧② ✐♥✐t✐❛t❡❞ ♣♦❧②♠❡r✭s✮
st❛r✲P▼❡❖①n t❡tr❛❦✐s♠❡t❤❛❝r②❧❛t❡✱ P✶✾ ✲ P✷✷
■♥✐t✐❛t♦r✿ P❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ▼❡t❤❛❝r②❧✐❝ ❛❝✐❞ ✭❚✶✮
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ ❬❣✴♠♦❧❪✱ Ð❂ ▼w✴▼n
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✸
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn Ð
b
st❛r✲P▼❡❖①20✲❚▼❆ P✶✾ ▲✉❡❙✵✷✹ ✷✵ ✻ ✶✵✻✷ ✶✳✺✻
st❛r✲P▼❡❖①40✲❚▼❆ P✷✵ ▲✉❡❙✵✷✺ ✹✵ ✶✵ ✶✽✶✵ ✶✳✸✷
st❛r✲P▼❡❖①60✲❚▼❆ P✷✶ ▲✉❡❙✵✷✻ ✻✵ ✶✹ ✷✺✷✼ ✶✳✷✼
st❛r✲P▼❡❖①80✲❚▼❆ P✷✷ ▲✉❡❙✵✷✼ ✽✵ ✶✾ ✷✾✼✻ ✶✳✷✽
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✶✵ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✶✾ ❈101❍168◆20❖28✱ ▼ ❂ ✷✶✶✵✳✻ ❣✴♠♦❧
P✷✵ ❈181❍308◆40❖48✱ ▼ ❂ ✸✽✶✷✳✽✹ ❣✴♠♦❧
P✷✶ ❈261❍448◆60❖68✱ ▼ ❂ ✺✺✶✺✳✵✹ ❣✴♠♦❧
P✷✷ ❈341❍588◆80❖88✱ ▼ ❂ ✼✷✶✼✳✷✵ ❣✴♠♦❧
N
O
O
O
n
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6
1❍✲◆▼❘ ✭❉2❖✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✻✳✵✶ ✭❞✱ ✹❍✱ ❍4✮✱ ✺✳✻✹ ✭❞✱ ✹❍✱ ❍5✮✱ ✸✳✺✺ ✲ ✸✳✸ ✭❜r✱ ❍2✮✱
✷✳✵✼ ✲ ✶✳✽✷ ✭❜r✱ ❍3✮ ❛♥❞ ✶✳✻✽ ♣♣♠ ✭s✱ ✶✷❍✱ ❍6✮✳
st❛r✲P▼❡❖①n t❡tr❛❦✐s✲◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡✱ P✷✸ ✲ P✷✺
■♥✐t✐❛t♦r✿ P❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ ◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡ ✭❚✷✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ Ð
b
st❛r✲P▼❡❖①40✲❚❍P P✷✸ ▲✉❡❙✵✸✵ ✹✵ ✽ ✷✵✽✽ ✶✳✷✼
st❛r✲P▼❡❖①100✲❚❍P P✷✹ ▲✉❡❙✵✶✶ ✶✵✵ ✷✷ ✽✸✶✾ ✶✳✸✽
st❛r✲P▼❡❖①400✲❚❍P P✷✺ ▲✉❡❙✵✶✺ ✹✵✵ ✽✶ ✷✽✻✼✵ ✶✳✸✶
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✹
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ✇✐t❤
st✐rr✐♥❣ ♦✈❡r♥✐❣❤t ❛♥❞ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✶✵ ❡q✳ tr✐❡t❤②❧❛♠✐♥❡ ❛❞❞❡❞✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✷✸ ❈197❍304◆44❖52✱ ▼ ❂ ✷✾✸✺✳✶✶ ❣✴♠♦❧
P✷✹ ❈437❍724◆104❖112✱ ▼ ❂ ✶✷✻✻✵✳✹ ❣✴♠♦❧
P✷✺ ❈1637❍2824◆404❖412✱ ▼ ❂ ✸✹✼✺✽✳✺✷ ❣✴♠♦❧
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1❍✲◆▼❘ ✭❉2❖✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✼✳✼✽ ✭s✱ ✶✻❍✱ ❍4✮✱ ✸✳✺✺ ✲ ✸✳✸ ✭❜r✱ ❍2✮ ❛♥❞ ✷✳✵✼ ✲ ✶✳✽✷
♣♣♠ ✭❜r✱ ❍3✮✳
st❛r✲P▼❡❖①n t❡tr❛❦✐s♣❤t❤❛❧✐♠✐❞❡✱ P✷✻ ❛♥❞ P✷✼
■♥✐t✐❛t♦r✿ P❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ P♦t❛ss✐✉♠ ♣❤t❤❛❧✐♠✐❞❡ ✭❚✸✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ Ð
b
st❛r✲P▼❡❖①40✲❚P P✷✻ ▲✉❡❙✵✷✾ ✹✵ ✾ ✸✻✺✵ ✶✳✷✾
st❛r✲P▼❡❖①240✲❚P P✷✼ ▲✉❡❙✵✶✽ ✷✹✵ ✺✺ ✶✽✽✻✵ ✶✳✷✼
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✷✻ ❈197❍304◆44❖48✱ ▼ ❂ ✹✵✺✻✳✼✾ ❣✴♠♦❧
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✺
P✷✼ ❈997❍1704◆244❖248✱ ▼ ❂ ✷✵✺✺✼✳✸ ❣✴♠♦❧
N
O
n
4
1
2
3
N
O
O 4
4
4
4
1❍✲◆▼❘ ✭❉2❖✱ ✺✵✵ ▼❍③✮✿ δ ❂ ✽✳✶ ✭s✱ ✶✻❍✱ ❍4✮✱ ✸✳✺✺ ✲ ✸✳✸ ✭❜r✱ ❍2✮ ❛♥❞ ✷✳✵✼ ✲ ✶✳✽✷
♣♣♠ ✭❜r✱ ❍3✮✳
st❛r✲P▼❡❖①n t❡tr❛❦✐st❤✐♦❛❝❡t❛t❡✱ P✷✽
■♥✐t✐❛t♦r✿ P❡♥t❛❡r②t❤r✐t♦❧ t❡tr❛❦✐str✐✢❛t❡ ✭■✶✮
▼♦♥♦♠❡r✿ ▼❡❖①
❚❡r♠✐♥❛t✐♥❣ r❡❛❣❡♥t✿ P♦t❛ss✐✉♠ t❤✐♦❛❝❡t❛t❡ ✭❚✹✮
♣♦❧②♠❡r ■❉ ❬▼0❪✴❬■0❪ ♥a ▼bn ❬❣✴♠♦❧❪ Ð
b
st❛r✲P▼❡❖①60✲❚❚❆❝ P✷✽ ▲✉❡❙✵✸✽ ✻✵ ✶✸ ✹✽✷✼ ✶✳✷✹
a ❉❡t❡r♠✐♥❡❞ ❜② ❡♥❞❣r♦✉♣ ❛♥❛❧②s✐s ❢r♦♠ 1❍✲◆▼❘ s♣❡❝tr♦s❝♦♣② ❞❛t❛
b ❉❡t❡r♠✐♥❡❞ ❜② ●P❈✱ Ð❂ ▼w✴▼n
❙②♥t❤❡s✐s ❛❝❝♦r❞✐♥❣ t♦ ●❙P ✶✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛t ✹✵ ◦❈ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ st✐rr❡❞ ♦✈❡r♥✐❣❤t✳
❊♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛✱ ♠♦❧❛r ♠❛ss✿
P✷✽ ❈253❍440◆60❖64❙4✱ ▼ ❂ ✺✹✼✹✳✽✷ ❣✴♠♦❧
N
O
n
4
1
2
3
S
O
4
1❍✲◆▼❘ ✭❉2❖✱ ✺✵✵ ▼❍③✮✿ δ ❂✸✳✺✺ ✲ ✸✳✸ ✭❜r✱ ❍2✮✱ ✷✳✸ ✭s✱ ✶✷❍✱ ❍4✮ ❛♥❞ ✷✳✵✼ ✲ ✶✳✽✷
♣♣♠ ✭❜r✱ ❍3✮✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✻
✻✳✷✳✺ P♦❧②♠❡r ❛♥❛❧♦❣ ♠♦❞✐✜❝❛t✐♦♥s
❉❡♣r♦t❡❝t✐♦♥ ♦❢ ◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡ ❛♥❞ ♣❤t❤❛❧✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞
♣♦❧②♠❡rs
❚❤❡ ❞❡♣r♦t❡❝t✐♦♥ ♦❢ ◆✲❤②❞r♦①② ♣❤t❤❛❧✐♠✐❞❡ ❛♥❞ ♣❤t❤❛❧✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ♣♦❧②♠❡rs
✭P✷✸ ✲ P✷✼✮ ✇❛s ❝❛rr✐❡❞ ♦✉t ✇✐t❤ ❤②❞r❛③✐♥♦❧②s✐s ❛❝❝♦r❞✐♥❣ t♦ ❛ ♣r♦t♦❝♦❧ ♣✉❜❧✐s❤❡❞
❜② ❈✉r❧❡② ❡t ❛❧✳ ❬✷✺✹❪ ✉s✐♥❣ t❤❡ P❡tr♦✇ ❛♥❞ ❙t❡♣❤❡♥s♦♥✬s ❝♦♥❞✐t✐♦♥s✳ ❇r✐❡✢②✱ ✷ ❣ ✭✶
❡q✳✮ ♣♦❧②♠❡r ✇❡r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✶✺ ♠▲ ❡t❤❛♥♦❧ ✭❊t❖❍✮ ❛♥❞ r❡✢✉①❡❞✳ ❚♦ t❤❡ ❜♦✐❧✐♥❣
s♦❧✉t✐♦♥ ✶ ❡q✳ ❤②❞r❛③✐♥❡ ❤②❞r❛t❡ ✷✺✪ ✇❛s ❛❞❞❡❞ ❛♥❞ r❡✢✉①❡❞ ❢♦r ❢✉rt❤❡r ✹✵ ♠✐♥✉t❡s✳
❆❢t❡r ❝♦♦❧✐♥❣ t♦ r♦♦♠ t❡♠♣❡r❛t✉r❡ t❤❡ ♣r❡❝✐♣✐t❛t❡ ✭♣❤t❤❛❧♦❤②❞r❛③✐♥❡✮ ✇❛s r❡♠♦✈❡❞
❜② ✜❧tr❛t✐♦♥ ❛♥❞ ❡t❤❛♥♦❧ ✇❛s r❡♠♦✈❡❞ ❜② ❡✈❛♣♦r❛t✐♦♥✳ ❚❤❡ r❡s✐❞✉❡ ✇❛s ❞✐ss♦❧✈❡❞ ✐♥
✇❛t❡r✱ ♣r❡❝✐♣✐t❛t❡❞ t❤r✐❝❡ ✐♥t♦ ✐❝❡✲❝♦❧❞ ❞✐❡t❤②❧ ❡t❤❡r ❛♥❞ ❧②♦♣❤✐❧✐③❡❞✳ ❚❤❡ ✈❛♥✐s❤❡❞
❛r♦♠❛t✐❝ 1❍✲◆▼❘✲♣❡❛❦s ❛t ✼✳✽ ♣♣♠ ♣r♦✈❡❞ ❛ s✉❝❝❡ss❢✉❧ ❞❡♣r♦t❡❝t✐♦♥✳
R N
O
(O)
n
EtOH
NH2NH2, reflux
N
O
O
R N
O
(O)
n
NH2
HN
HN
O
O
+
❉❡♣r♦t❡❝t✐♦♥ ♦❢ t❤✐♦❛❝❡t❛t❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ♣♦❧②♠❡rs
❚❤❡ ❞❡❛❝❡t②❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✉♥❞❡r ❜❛s✐❝ ❝♦♥❞✐t✐♦♥s✳ ✷ ❣ ♦❢ t❤✐♦❛❝❡t❛t❡✲❜❡❛r✐♥❣
♣♦❧②♠❡r ✇❡r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✶✵ ♠▲ ♠❡t❤❛♥♦❧ ❛♥❞ ✷ ♠▲ ♦❢ ❛ ✷ ♥ ❛q✉❡♦✉s ❑❖❍ s♦❧✉t✐♦♥
✇❛s ❛❞❞❡❞✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s st✐rr❡❞ ❢♦r ✷ ❤ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✉♥❞❡r ♥✐tr♦❣❡♥✳
❙✉❜s❡q✉❡♥t❧②✱ t❤❡ s♦❧✉t✐♦♥ ✇❛s ♥❡✉tr❛❧✐③❡❞ ✇✐t❤ ✷ ♥ ❍❈❧ ❛♥❞ t❤❡ s♦❧✈❡♥t r❡♠♦✈❡❞
✉♥❞❡r ✜♥❡ ✈❛❝✉✉♠✳ ❚❤❡ r❡s✐❞✉❡ ✇❛s ❞✐ss♦❧✈❡❞ ✐♥ ❞❡❣❛ss❡❞ ✇❛t❡r✱ ♣r❡❝✐♣✐t❛t❡❞ t❤r✐❝❡
✐♥t♦ ✐❝❡✲❝♦❧❞ ❞✐❡t❤②❧ ❡t❤❡r ❛♥❞ ❧②♦♣❤✐❧✐③❡❞ ✉♥❞❡r ❡①❝❧✉s✐♦♥ ♦❢ ❧✐❣❤t✳ ❚❤❡ ✈❛♥✐s❤❡❞
❛❝❡t②❧ 1❍✲◆▼❘ ♣❡❛❦s ❛t ✷✳✸✺ ♣♣♠ ♣r♦♦❢❡❞ ❛ s✉❝❝❡ss❢✉❧ ❞❡♣r♦t❡❝t✐♦♥✳
R N
O
S
n
O
MeOH
KOH, reflux
R N
O
SH
n
❉❡♣r♦t❡❝t✐♦♥ ♦❢ ❢✉r❛♥♦♠❛❧❡✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ♣♦❧②♠❡rs
❋♦r t❤❡ r❡tr♦ ❉✐❡❧s✲❆❧❞❡r r❡❛❝t✐♦♥✱ ✷ ❣ ♦❢ ❢✉r❛♥♦♠❛❧❡✐♠✐❞❡ ❢✉♥❝t✐♦♥❛❧✐③❡❞ ♣♦❧②♠❡r
✇❡r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✶✵ ♠▲ ▼❡❖❍ ❛♥❞ r❡✢✉①❡❞ ❛t ✶✷✵ ◦❈ ❢♦r ✸✵ ♠✐♥✉t❡s✳ ❆❢t❡r ❝♦♦❧✐♥❣
t❤❡ ♣♦❧②♠❡r ✇❛s ♣r❡❝✐♣✐t❛t❡❞ ✐♥t♦ ✐❝❡✲❝♦❧❞ ❞✐❡t❤②❧ ❡t❤❡r ❛♥❞ ❞r✐❡❞ ✉♥❞❡r ✜♥❡ ✈❛❝✉✉♠
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✼
t♦ ♦❜t❛✐♥ ❛ ❝♦❧♦r❧❡ss ♣♦✇❞❡r✳ ❚❤❡ ❞❡♣r♦t❡❝t✐♦♥ ✇❛s ❝♦♥✜r♠❡❞ ❜② 1❍✲◆▼❘ ✇❤✐❧❡ t❤❡
❢✉r❛♥ ♣❡❛❦s ❛t ✻✳✺✸ ❛♥❞ ✺✳✶✶ ♣♣♠ ❞✐s❛♣♣❡❛r❡❞ ❛♥❞ t❤❡ ♠❛❧❡✐♠✐❞❡ ♣❡❛❦ ❛t ✻✳✽✺ ♣♣♠
❛♣♣❡❛r❡❞ ✐♥ t❤❡ s♣❡❝tr❛✳
R N
O
n
MeOH
120°C, reflux
R N
O
N
n
N
O
O
O
O
O
O+
❈❧✐❝❦✲❝❤❡♠✐str②
❚❤❡ ❛❧❦②♥❡✲❛③✐❞❡ ❝❧✐❝❦ r❡❛❝t✐♦♥ ✈✐❛ ❝♦♣♣❡r✲❝❛t❛❧②③❡❞ ❝②❝❧♦❛❞❞✐t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❛s
❢♦❧❧♦✇s✳ ✷ ❡q✳ ♦❢ P✶ ♦r P✷ ✇❡r❡ ❝♦✉♣❧❡❞ ✇✐t❤ ✶ ❡q✳ ♦❢ ▲✷ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✶✵
❡q✳ ❛s❝♦r❜✐❝ ❛❝✐❞ ❛♥❞ ✵✳✻ ❡q✳ ♦❢ ❈✉❙❖4 ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r✳
❆❢t❡r s✉❜s❡q✉❡♥t ❞✐❛❧②s✐s ✉s✐♥❣ ▼✐❧❧✐✲◗ ✇❛t❡r ❝♦♥t❛✐♥✐♥❣ ❡t❤②❧❡♥❡❞✐❛♠✐♥❡t❡tr❛❛❝❡t✐❝
❛❝✐❞ ✭❊❉❚❆✮ ❛♥❞ ❞✐❛❧②s✐s t✉❜❡s ✇✐t❤ ❛ ♠♦❧❡❝✉❧❛r ✇❡✐❣❤t ❝✉t✲♦✛ ✭▼❲❈❖✮ ♦❢ ✶✵✵✵
❦❉❛ ❛ ❝♦❧♦r❧❡ss ♣♦✇❞❡r ✇❛s ♦❜t❛✐♥❡❞✳ 1❍✲◆▼❘ r❡✈❡❛❧ ❝♦♠♣❧❡t❡ ❝♦♥✈❡rs✐♦♥ ❞✉❡ t♦
t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ s✐❣♥❛❧s ❛t ✽✳✵✾ ✲ ✼✳✽✽ ♣♣♠ ❢♦r t❤❡ r❡s✉❧t✐♥❣ ❞♦✉❜❧❡✲❜♦♥❞ ❛♥❞ t❤❡
✈❛♥✐s❤❡❞ ❛❧❦②♥❡ ♣r♦t♦♥ s✐❣♥❛❧ ❛t ✷✳✷✾ ♣♣♠✳
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Cu2+, AscH
▼✐❝❤❛❡❧✲❛❞❞✐t✐♦♥
❋♦r ▼✐❝❤❛❡❧✲❛❞❞✐t✐♦♥ ✶ ❡q✳ ♦❢ ❞❡♣r♦t❡❝t❡❞ P✶✸ ♦r P✶✹ ❛♥❞ ✷✳✺ ❡q✳ ♦❢ ❡✐t❤❡r ●❍❙ ♦r
❈②s✲♣❡♣t✐❞❡ ✇❡r❡ ❞✐ss♦❧✈❡❞ ✐♥ ✷ ♠▲ ▼✐❧❧✐✲◗ ✇❛t❡r ❛♥❞ st✐rr❡❞ ❢♦r ✶✽ ❤ ✉♥❞❡r ❛r❣♦♥
❛t♠♦s♣❤❡r❡✳ ❆❢t❡r✇❛r❞s✱ t❤❡ s♦❧✉t✐♦♥ ✇❛s ❞✐❛❧②s❡❞ ❢♦r ✸ ❞❛②s ✉s✐♥❣ ❞✐❛❧②s✐s t✉❜❡s
✇✐t❤ ❛ ♠♦❧❡❝✉❧❛r ✇❡✐❣❤t ❝✉t✲♦✛ ✭▼❲❈❖✮ ♦❢ ✺✵✵ ❦❉❛✳ ❙✉❜s❡q✉❡♥t❧②✱ t❤❡ s❛♠♣❧❡s ✇❡r❡
❢r❡❡③❡✲❞r✐❡❞✳ ❋♦r t❤❡ ❧✐❣❛t✐♦♥ ✇✐t❤ P✹✱ ❛ ❞r♦♣ ♦❢ ❚❊❆ ✇❛s ❛❞❞❡❞ t♦ t❤❡ s♦❧✉t✐♦♥✳
❚❤✐♦❧✲❡♥❡ r❡❛❝t✐♦♥
❚❤✐♦❧✲❡♥❡ ❝♦✉♣❧✐♥❣ ✇❛s ❝❛rr✐❡❞✲♦✉t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦❝❡❞✉r❡ ❢♦r ▼✐❝❤❛❡❧✲❛❞❞✐t✐♦♥
❜✉t ♦♥❧② ✶ ❤ ❡①♣♦s❡❞ t♦ ❛ ❯❱ ❧❛♠♣ ✭✷✵✵❲✮ ✇❤✐❧❡ st✐rr✐♥❣✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✽
✻✳✷✳✻ ❈❤❛r❛❝t❡r✐③❛t✐♦♥
●❛s ❝❤r♦♠❛t♦❣r❛♣❤✐❝ ♦♥✲❧✐♥❡ ❦✐♥❡t✐❝ ♠❡❛s✉r❡♠❡♥t
■♥ ❛ ❣❧♦✈❡✲❜♦① ❛ ♠✐①t✉r❡ ♦❢ t❤❡ ✐♥✐t✐❛t♦r ✭■✶ ✲ ■✹✮✱ ❆❈◆ ❛s s♦❧✈❡♥t✱ ✶ ♠▲
❝❤❧♦r♦❜❡♥③❡♥❡ ❛s ✐♥t❡r♥❛❧ st❛♥❞❛r❞ ❛♥❞ ▼❡❖① ✭✵✳✸✺ ♦r ✷✳✾ ▼✮ ✇❡r❡ ✜❧❧❡❞ ✐♥t♦ ❛ ✶✵
♠▲ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤② ✭●❈✮ ✈✐❛❧ ❛♥❞ s❡❛❧❡❞ ✇✐t❤ ❛ ❝r✐♠♣❡r✳ ❆❢t❡r ❝♦❧❧❡❝t✐♦♥ ♦❢ t❤❡
✜rst s❛♠♣❧❡ ❛t t ❂ ✵ s t❤❡ ♠✐①t✉r❡s ✇❡r❡ s❤❛❦❡♥ ❛t ✼✵ ♦r ✾✵ ◦❈ ✉s✐♥❣ ❛♥ ❛❣✐t❛t♦r
❞❡✈✐❝❡✳ ❙❛♠♣❧❡s ♦❢ ✶ µ▲ ✇❡r❡ ❛❧t❡r♥❛t❡❧② t❛❦❡♥ ❛❢t❡r ✶✶ ♠✐♥ ❛♥❞ ✐♥❥❡❝t❡❞ ❜② ❛♥
❛✉t♦s❛♠♣❧❡r✳
✻✳✸ ❍②❞r♦❣❡❧s ❛♥❞ ♠✐❝r♦❜❡❛❞ ♣r❡♣❛r❛t✐♦♥
✻✳✸✳✶ ●❡♥❡r❛❧ ♣r♦❝❡❞✉r❡
■♥ ❣❡♥❡r❛❧✱ ❤②❞r♦❣❡❧s ✇❡r❡ ❢❛❜r✐❝❛t❡❞ ✇✐t❤ ✸✵ ✪ ♦r❣❛♥✐❝ ❝♦♥t❡♥t ✉♥❧❡ss ♦t❤❡r✇✐s❡
st❛t❡❞✳ ❆t ✜rst✱ t❤❡ ❞r② ♣♦❧②♠❡r ♣♦✇❞❡r ✇❛s ❞✐ss♦❧✈❡❞ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈♦❧✉♠❡
♦❢ ❛ s❛t✉r❛t❡❞ s♦❧✉t✐♦♥ ♦❢ ✐♥✐t✐❛t♦r ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r✳ ❚❤❡♥✱ t❤❡ ❝♦♠♦♥♦♠❡r ✇❛s
❛❞❞❡❞ ❛♥❞ t❤❡ ♠✐①t✉r❡ ❞❡❣❛ss❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ✉♥❞❡r ❡①❝❧✉s✐♦♥ ♦❢ ❧✐❣❤t✳ ❋♦r t❤❡
❡①♣❡r✐♠❡♥ts ✸ ❞✐✛❡r❡♥t ❝♦♠♣♦s✐t✐♦♥s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❝♦♠♣♦s✐♥❣ ♦❢ ✭✶✮ ✺✵✵ ♠❣
♣♦❧②♠❡r✐❝ ❝r♦ss❧✐♥❦❡r ❛♥❞ ✷✶✹ ♠❣ ❝♦♠♦♥♦♠❡r✱ ✭✷✮ ✸✺✼ ♠❣ ♦❢ ❡❛❝❤ ♦r ✭✸✮ ✺✵✵ ♠❣
❝♦♠♦♥♦♠❡r ❛♥❞ ✷✶✹ ♠❣ ♣♦❧②♠❡r✐❝ ❝r♦ss❧✐♥❦❡r ❞✐ss♦❧✈❡❞ ✐♥ ✶✳✻✺ ♠▲ s❛t✉r❛t❡❞
✐♥✐t✐❛t♦r s♦❧✉t✐♦♥ ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r✳ ❋♦r ❡①♣❡r✐♠❡♥t ✇✐t❤ ❧♦✇❡r ♦r❣❛♥✐❝ ❝♦♥t❡♥ts ✭✷✵✱
✶✵ ❛♥❞ ✼✳✺ ✪✮ t❤❡ ❛♠♦✉♥t ♦❢ ✇❛t❡r ✇❛s ❛❞❥✉st❡❞✳
✻✳✸✳✷ ▼✐❝r♦❜❡❛❞s ❜② ❜❛t❝❤ s②♥t❤❡s✐s
■♥ ❛ ❞❛r❦❡♥❡❞ ❡♥✈✐r♦♥♠❡♥t✱ ❛ ♠✐①t✉r❡ ♦❢ t❤❡ t❡❧❡❝❤❡❧✐❝ P❖① ❝r♦ss❧✐♥❦❡r ✭P✸✱ P✹ ♦r
❉❈✶✮✱ ♠♦♥♦♠❡r ✭❍❊▼❆✱ ▼❊❚❆❈✮ ❛♥❞ ✶✹✸ ♠❣ ❛♠♠♦♥✐✉♠ ♣❡rs✉❧❢❛t❡ ✇❡r❡
❞✐ss♦❧✈❡❞ ✐♥ ❞❡❣❛ss❡❞ ▼✐❧❧✐✲◗ ✇❛t❡r ✭❢r❡❡③❡✲♣✉♠♣✲t❤❛✇ ❝②❝❧❡❞✮ t♦ ❢♦r♠ t❤❡ ❛q✉❡♦✉s
♣❤❛s❡✳ ❚❤❡ s♦❧✉t✐♦♥ ✇❛s ✜❧t❡r❡❞ ✭✵✳✷✹ µ♠✮ ❛♥❞ ♣✉r❣❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ♣r✐♦r t♦ ✉s❡✳
❉✐✛❡r❡♥t r❛t✐♦s ♦❢ P❖① ❝r♦ss❧✐♥❦❡r t♦ ♠♦♥♦♠❡r ✇❡r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ❞✐✛❡r❡♥t
♥❡t✇♦r❦ str✉❝t✉r❡s✳ ❚❤❡ ♦✐❧ ♣❤❛s❡ ✇❛s ♣r❡♣❛r❡❞ ❢r♦♠ ✷✺✵ ♠▲ ❞♦❞❡❝❛♥❡ ❛♥❞ ✶ ❣
s✉r❢❛❝t❛♥t ✭❙P❆◆✽✵❘©✮ ❛♥❞ ✇❛s ✜❧❧❡❞ ✐♥t♦ ❛ st✐rr✐♥❣ r❡❛❝t♦r ✭❘❡tt❜❡r❣✱ ●♦❡tt✐♥❣❡♥✱
●❡r♠❛♥②✮ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❤❡❛t✐♥❣ s❤❡❧❧ t♦ ♠❛✐♥t❛✐♥ ❛ ❝♦♥st❛♥t t❡♠♣❡r❛t✉r❡ ♦❢ ✷✺
◦❈ ❛♥❞ ♣✉r❣❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ✉♥❞❡r ♠♦❞❡r❛t❡ st✐rr✐♥❣✳ ❆❢t❡r ✸✵ ♠✐♥ t❤❡ st✐rr✐♥❣ ✇❛s
st♦♣♣❡❞ ❛♥❞ t❤❡ ♦✐❧ ♣❤❛s❡ ✇❛s ❡q✉✐❧✐❜r❛t❡❞ ❢♦r ✶✺ ♠✐♥ t♦ ❡❧✐♠✐♥❛t❡ t❤❡ ♥✐tr♦❣❡♥ ❣❛s
❜✉❜❜❧❡s✳ ❆❢t❡r✇❛r❞s ❛ ❝♦♥st❛♥t st✐rr✐♥❣ r❛t❡ ♦❢ ✸✵✵ r♣♠ ✇❛s ❛❞❥✉st❡❞ ❛♥❞ t❤❡
❛q✉❡♦✉s ♣❤❛s❡ ✇❛s ❛❞❞❡❞ ❝♦♥st❛♥t❧② ✉s✐♥❣ ❛ s②r✐♥❣❡✳ ❉r♦♣❧❡ts ✇❡r❡ ❢♦r♠❡❞
s♣♦♥t❛♥❡♦✉s❧② ❛♥❞ ❛❢t❡r ✸✵ ♠✐♥ ✶✵✵ µ▲ ❚▼❊❉❆ ✇❛s ❛❞❞❡❞✳ ❆❢t❡r ✹ ❤ t❤❡ ❣❡❧❛t✐♦♥
✇❛s ❝♦♠♣❧❡t❡❞✱ t❤❡ ♠✐①t✉r❡ ❝❡♥tr✐❢✉❣❡❞✱ t❤❡ ♦✐❧ ♣❤❛s❡ r❡♠♦✈❡❞ ❛♥❞ t❤❡ ♠✐❝r♦❜❡❛❞s
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✵✾
❞✐❛❧②③❡❞ ✭✺❦❉❛ ▼❲❈❖✮ ❛❣❛✐♥st ▼✐❧❧✐✲◗ ✇❛t❡r ❢♦r ✹ ❞❛②s✳ ❚❤❡ ♣r❡♣❛r❡❞ ♠✐❝r♦❜❡❛❞s
✇❡r❡ st♦r❡❞ ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r ❢♦r ❢✉rt❤❡r ✉s❡✳
✻✳✸✳✸ ▼✐❝r♦❜❡❛❞s ❜② ♠✐❝r♦✢✉✐❞✐❝
Pr❡♣❛r❛t✐♦♥ ♦❢ ♠✐❝r♦✢✉✐❞✐❝ ❞❡✈✐❝❡s
❆ ▼❋ ❞❡✈✐❝❡ ✇❛s ♣r❡♣❛r❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦t♦❝♦❧ ♦❢ ❲❤✐t❡s✐❞❡s ❡t ❛❧✳ ❬✶✸✽❪✳ ■♥
s❤♦rt✱ ▼❋ str✉❝t✉r❡s ✇❡r❡ ❞❡s✐❣♥❡❞ ✇✐t❤ ❛♥ ♦♣❡♥ s♦✉r❝❡ ❝♦♠♣✉t❡r✲❛✐❞❡❞ ❞❡s✐❣♥
✭❈❆❉✮ ♣r♦❣r❛♠ ✭■♥❦s❝❛♣❡✮ ❛♥❞ ♣r✐♥t❡❞ ❛s ❛ ♥❡❣❛t✐✈❡ ♦♥t♦ ❛ tr❛♥s♣❛r❡♥❝② ✇✐t❤ ❛
❤✐❣❤✲r❡s♦❧✉t✐♦♥ ♣r✐♥t❡r✳ ❲❡ ✉s❡❞ ✈❛r✐♦✉s ❞❡s✐❣♥s ❛♥❞ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ▼❋ ❞❡✈✐❝❡✱
✐♥❝❧✉❞✐♥❣ ❚✲❥✉♥❝t✐♦♥✱ ✢♦✇ ❢♦❝✉s✐♥❣ ❛♥❞ ✈❛r✐❡❞ t❤❡ ♦r✐✜❝❡ ❞✐♠❡♥s✐♦♥s ❢r♦♠ ✶✵✵ t♦ ✶✼✺
µ♠ ❛s ✇❡❧❧ ❛s t❤❡ ✐♥❥❡❝t✐♦♥ ❛♥❣❧❡ ✭✻✵◦ ♦r ✾✵◦✮ ❛t ❛ ✜①❡❞ ❝❤❛♥♥❡❧ ✇✐❞t❤ ♦❢ ✻✷✺ µ♠✳
❋♦r ♠♦st ♦❢ t❤❡ ❤②❞r♦❣❡❧ ♠✐❝r♦❜❡❛❞s ❛♥ ♦♣t✐♠✐③❡❞ ❞❡s✐❣♥ ✇✐t❤ ❚✲t②♣❡ ❥✉♥❝t✐♦♥s ❛♥❞
✻✷✺ µ♠ ❝❤❛♥♥❡❧ ✇✐❞t❤ ❛t ✻✵◦ ❝❤❛♥♥❡❧ ❛♥❣❧❡ ✇❛s ✉s❡❞✳ ❚❤✐s tr❛♥s♣❛r❡♥❝② ✇❛s ✉s❡❞
❛s ❛ ♠❛s❦ ❢♦r ♣❤♦t♦❧✐t❤♦❣r❛♣❤② t♦ ♣r♦❞✉❝❡ ❛ ♠❛st❡r ❢r♦♠ ❛ ❝♦♣♣❡r ❜❛s❡❞ ❝✐r❝✉✐t
❜♦❛r❞ ❝♦✈❡r❡❞ ✇✐t❤ ❛ ♣❤♦t♦r❡s✐st✳ ❆❢t❡r ❞❡✈❡❧♦♣♠❡♥t✱ P❉▼❙ ✭❘❚❱✻✶✺✱ ▼●
❈❤❡♠✐❝❛❧s✱ ◆❡✇ ▼✐❧❧s✱ ❯✳❑✳✮ ✇❛s ❝❛st❡❞ ♦♥t♦ t❤❡ ♠❛st❡r ❛♥❞ ❝✉r❡❞ t♦ ❜✉✐❧❞ ❛
♣♦❧②♠❡r✐❝ r❡♣❧✐❝❛ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❝❤❛♥♥❡❧ str✉❝t✉r❡s✳ ❚✉❜✐♥❣ ✐♥❧❡ts t♦ ❝♦♥♥❡❝t t❤❡
▼❋ str✉❝t✉r❡ t♦ t❤❡ ♣✉♠♣s ✇❡r❡ st❛♠♣❡❞ ♦✉t ❛♥❞ t❤❡ ▼❋ ❞❡✈✐❝❡ ✇❛s ❝♦♠♣❧❡t❡❞
✇✐t❤ ❛ s♠♦♦t❤ P❉▼❙ ♣❧❛t❡✳ ❚❤❡ ♦❜t❛✐♥❡❞ P❉▼❙ ❞❡✈✐❝❡ ✇❛s ❝♦♥♥❡❝t❡❞ t♦ s②r✐♥❣❡
♣✉♠♣s ✭t②♣❡ ❍▲▲ ▲❆✲✵✸ ❢r♦♠ ▲❛♥❞❣r❛❢ ▲❛❜♦rs②st❡♠❡✱ ▲❛♥❣❡♥❤❛❣❡♥✱ ●❡r♠❛♥②✮✳
❋❛❜r✐❝❛t✐♦♥ ♦❢ ♠✐❝r♦❜❡❛❞s ❜② ♠✐❝r♦✢✉✐❞✐❝
❆s ✐♥ t❤❡ ❜❛t❝❤ ♣r♦❝❡❞✉r❡✱ t❤❡ ❛q✉❡♦✉s ♣❤❛s❡ ✇❛s ❢♦r♠❡❞ ❜② ❞✐ss♦❧✈✐♥❣ t❤❡ ♣♦❧②♠❡r✐❝
❝r♦ss❧✐♥❦❡r ❛♥❞ ♠♦♥♦♠❡r ✭❍❊▼❆✱ ▼❊❚❆❈✱ ❙P▼❆✮ ✇✐t❤ ❛ s❛t✉r❛t❡❞ s♦❧✉t✐♦♥ ♦❢ t❤❡
♣❤♦t♦ ✐♥✐t✐❛t♦r ✭■❘●❆❈❯❘❊❘©✱ ❇❆❙❋ ▲✉❞✇✐❣s❤❛❢❡♥✱ ●❡r♠❛♥②✮ ✐♥ ❞❡❣❛ss❡❞ ▼✐❧❧✐✲◗
✇❛t❡r✳ ❚❤❡ ❛q✉❡♦✉s ♣❤❛s❡ ✇❛s ♣✉r❣❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ❛s ✇❡❧❧ ❛s t❤❡ ♦✐❧ ♣❤❛s❡ ♠❛❞❡ ❢r♦♠
♣❛r❛✣♥ ♦✐❧ ❛♥❞ ✹ ❣✴▲ s✉r❢❛❝t❛♥t ✭❙P❆◆✽✵❘©✮✳ ❖✐❧ ❛♥❞ ❛q✉❡♦✉s ♣❤❛s❡s ✇❡r❡ ❧♦❛❞❡❞
✐♥t♦ ❡❛❝❤ s②r✐♥❣❡ ♣✉♠♣ ♦❢ t❤❡ ▼❋ ❞❡✈✐❝❡✳ ❉✐✛❡r❡♥t ✢♦✇ r❛t❡s ❢♦r t❤❡ ✇❛t❡r ♣❤❛s❡
❢r♦♠ ✵✳✼✺ t♦ ✸✳✺ µ▲✴♠✐♥ ❛♥❞ t❤❡ ♦✐❧ ♣❤❛s❡ ❢r♦♠ ✸✵✵ t♦ ✶✷✺✵ µ▲✴♠✐♥ ✇❡r❡ ✉s❡❞ t♦
❝♦♥tr♦❧ ♣❛rt✐❝❧❡ s✐③❡ ❛♥❞ t♦ ♠❛✐♥t❛✐♥ ❛ ❝♦♥st❛♥t ❞r♦♣❧❡t ❢♦r♠❛t✐♦♥✳ ❚❤❡ ❞r♦♣❧❡ts ✇❡r❡
❝♦❧❧❡❝t❡❞ ✐♥ st✐rr✐♥❣ t❛♥❦ ❛♥❞ ❝r♦ss❧✐♥❦❡❞ ✇✐t❤ ❯❱ ❧✐❣❤t ✉s✐♥❣ ❛ ✷✵✵ ❲ ❍❣ ❧❛♠♣ ✭t②♣❡
▲❙◆✷✻✺ ❢r♦♠ ▲❖❚✲◗✉❛♥t✉♠❉❡s✐❣♥✱ ❉❛r♠st❛❞t✱ ●❡r♠❛♥②✮✳ ❆❢t❡r ✷ ❤ ✐rr❛❞✐❛t✐♦♥
t❤❡ ♠✐①t✉r❡ ✇❛s ❞r❛✐♥❡❞✱ ❝❡♥tr✐❢✉❣❡❞✱ t❤❡ ♦✐❧ ♣❤❛s❡ r❡♠♦✈❡❞ ❛♥❞ t❤❡ ♠✐❝r♦❜❡❛❞s
❞✐❛❧②③❡❞ ✭✺❦❉❛ ▼❲❈❖✮ ❢♦r ✹ ❞❛②s ❛❣❛✐♥st ▼✐❧❧✐✲◗ ✇❛t❡r✳ ❋✐♥❛❧❧②✱ ♠✐❝r♦❜❡❛❞s ✇❡r❡
s✐❡✈❡❞ t❤r♦✉❣❤ ❛ ✻✵✵ µ♠ ♠❡s❤✲str❛✐♥❡r t♦ r❡♠♦✈❡ ❜❡❛❞ ❝❧✉st❡rs✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❤❡♥
♠✐❝r♦❜❡❛❞s ✇❡r❡ ♣r♦♥❡ t♦ ❜❡ ✉s❡❞ ❢♦r ❝❡❧❧ ❝✉❧t✉r❡ t❤❡ ❜❡❛❞s ✇❡r❡ s✐❡✈❡❞ t❤r♦✉❣❤ ❛
✶✷✵ µ♠ ♠❡s❤ t♦ r❡♠♦✈❡ ❡♥❞♦❝②t♦t✐❝❛❧❧② r❡❧❡✈❛♥t ♣❛rt✐❝❧❡s✳ ❚❤❡ ♣✉r✐✜❡❞ ♠✐❝r♦❜❡❛❞s
✇❡r❡ ✜♥❛❧❧② st♦r❡❞ ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r ❢♦r ❢✉rt❤❡r ✉s❡✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✶✵
✻✳✸✳✹ ❈❤❛r❛❝t❡r✐③❛t✐♦♥
❙✐③❡ ❛♥❞ s✐③❡ ❞✐str✐❜✉t✐♦♥
❙✐③❡ ❛♥❞ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❡r❡ ❡st✐♠❛t❡❞ ♠❛♥✉❛❧❧② ✉s✐♥❣ t❤❡ ❜r✐❣❤t ✜❡❧❞ ♠✐❝r♦s❝♦♣❡
❆①✐♦ ❖❜s❡r✈❡r✳❩✶♠✱ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛♥ ❆①✐♦❈❛♠ ▼❘♠ ♣✉r❝❤❛s❡❞ ❢r♦♠ ❈❛r❧ ❩❡✐ss
▼✐❝r♦s❝♦♣② ●♠❜❍ ✭❏❡♥❛✱ ●❡r♠❛♥②✮ ❛♥❞ ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ s♦❢t✇❛r❡✳ ❚❤❡r❡❢♦r❡✱
✐♠❛❣❡s ♦❢ ✺✵ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ❛♥❛❧②③❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠❡❛♥ ❞✐❛♠❡t❡r ❛♥❞ t❤❡ s✐③❡
❞✐str✐❜✉t✐♦♥ ❛❢t❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛✿
P❉■ ❂
∑
(d2
k
·nk)∑
(dk·nk)∑
(dk·nk)∑
nk
dk ❂ ♠✐❝r♦❜❡❛❞ ❞✐❛♠❡t❡r ✭✶✵ µ♠ st❡♣s✮
nk ❂ ❝♦✉♥ts ✇✐t❤✐♥ t❤❡s❡ st❡♣s
❊❧❛st✐❝✐t② ❜② ❝♦❧❧♦✐❞❛❧ ♣r♦❜❡ s♣❡❝tr♦s❝♦♣②
❈P❙ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛♥ ◆t❡❣r❛ ❆✉r❛ ✭◆❚✲▼❉❚✱ ▼♦s❝♦✇✱ ❘✉ss✐❛✮ ❆❋▼ ♦♥ t❤❡
s✇♦❧❧❡♥ ♠✐❝r♦❜❡❛❞s ✐♥ ▼✐❧❧✐✲◗ ✇❛t❡r ✉s✐♥❣ ❛ ♠♦❞✐✜❡❞ ❧✐q✉✐❞ ❝❡❧❧✳ ❚❤❡ ❝❛♥t✐❧❡✈❡r ✭❦ ❂
✵✳✶✹ ♥◆✴♥♠ ✐♥ ❛✐r✮ ✇❛s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❤♦♠❡✲♠❛❞❡ ❝♦❧❧♦✐❞❛❧ ♣r♦❜❡ t✐♣ ♠❛❞❡ ❢r♦♠ ❛
s♦❧✐❞ ❣❧❛ss ❜❡❛❞ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶✵ µ♠ ✇❤✐❝❤ ✇❛s ❛tt❛❝❤❡❞ t♦ t❤❡ ❝❛♥t✐❧❡✈❡r ✇✐t❤
t❤❡ ❤❡❧♣ ♦❢ ❛ ♥❛♥♦♠❛♥✐♣✉❧❛t♦r✳ ❋♦r ❡❛❝❤ ❞❛t❛ ♣♦✐♥t ✺ t♦ ✶✵ ♠✐❝r♦❜❡❛❞s ♣❡r ❜❛t❝❤ ✇❡r❡
✐♥✈❡st✐❣❛t❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤r✐❝❡ ❛t ✺ ❞✐✛❡r❡♥t ♣♦✐♥ts ♦♥ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❜❡❛❞ ✇✐t❤ ✶✺
s❡❝♦♥❞s ❛♣♣r♦❛❝❤ ❛♥❞ ✶✺ s❡❝♦♥❞s r❡tr❡❛t t✐♠❡✳ ❚❤✉s✱ ♣❡r ❜❛t❝❤ ✼✺ t♦ ✶✺✵ ✐♥❞✐✈✐❞✉❛❧
♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞✳ ▼❡❛s✉r❡♠❡♥ts ✇✐t❤ ✐♥❝♦♥s✐st❡♥t ❢♦r❝❡✲❞✐st❛♥❝❡ ❝✉r✈❡s
r❡s✉❧t✐♥❣ ❢r♦♠ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞ ❞✉r✐♥❣ t❤❡ ♣r♦❜✐♥❣ ♦r ✉♥s✉✐t❛❜❧❡ s♣❤❡r✐❝❛❧
✐♥t❡r❛❝t✐♦♥ ✇❡r❡ ❞✐sr❡❣❛r❞❡❞✳
❙✇❡❧❧✐♥❣ ❞❡❣r❡❡
❚♦ ❡①❛♠✐♥❡ t❤❡ ✇❛t❡r ✉♣t❛❦❡ ❡✐t❤❡r t❤❡ s✇♦❧❧❡♥ ❤②❞r♦❣❡❧ ❞✐s❦s ♦r ♠✐❝r♦❜❡❛❞s ✇❡r❡
♣❧❛❝❡❞ ✐♥t♦ ❛♥ ❊♣♣❡♥❞♦r❢ t✉❜❡ ❛♥❞ r❡s✐❞✉❛❧ ✇❛t❡r ✇❛s ❞❡❝❛♥t❡❞✳ ❚❤❡ t✉❜❡s ✇❡r❡
✇❡✐❣❤t❡❞ ❛♥❞ s✉❜s❡q✉❡♥t❧② ♣❧❛❝❡❞ ❛❥❛r ✐♥s✐❞❡ ❛ ✈❛❝✉✉♠ ♦✈❡♥✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡
❞r✐❡❞ ❛t ✼✵ ◦❈ ❛♥❞ r❡❞✉❝❡❞ ♣r❡ss✉r❡ ✭✶✵ ♠♠❍❣✮ ❢♦r ✶ ❞❛②✱ ❝❧♦s❡❞ ❛♥❞ ✇❡✐❣❤t❡❞ t♦
❝❛❧❝✉❧❛t❡ t❤❡ s✇❡❧❧✐♥❣ ❞❡❣r❡❡ ❛❢t❡r ❡q✉❛t✐♦♥✿
❙W❉ ❂
m(swollen)−m(dry)
m(dry)
· ✶✵✵✪
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✶✶
✻✳✹ ▼✐❝r♦❜❡❛❞ ♠♦❞✐✜❝❛t✐♦♥ ❛♥❞ ❝❡❧❧ ❝✉❧t✐✈❛t✐♦♥
✻✳✹✳✶ ❈♦❧❧❛❣❡♥ t②♣❡ ■ ❝♦❛t✐♥❣
❈♦❧❧❛❣❡♥ t②♣❡ ■ ❝♦❛t❡❞ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② r❡♣❧❛❝✐♥❣ t❤❡ P❇❙ ❜✉✛❡r ✇✐t❤
✷ ♠▲ ♦❢ ❛ ❝♦❧❧❛❣❡♥ s♦❧✉t✐♦♥ ✭✸ ❣✴▲ ✐♥ ✶✵ ♠♠ ❍❆❝✮✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♠✐❝r♦❜❡❛❞s
✇❡r❡ s❤❛❦❡♥ ❢♦r ✶ ❞❛② ✇✐t❤ ❛ ◆❡♦▲❛❜ ■♥t❡❧❧✐✲▼✐①❡r t♦ ❛✈♦✐❞ ♠✐❝r♦❜❡❛❞ s❡tt❧❡♠❡♥t✳
❋✐♥❛❧❧②✱ ❛❧❧ ♠✐❝r♦❜❡❛❞s ✇❡r❡ tr❛♥s❢❡rr❡❞ ✉♥❞❡r st❡r✐❧❡ ❝♦♥❞✐t✐♦♥s ✐♥t♦ ♥❡✇ t✉❜❡s✳ ❆❢t❡r
t❤r✐❝❡ ✇❛s❤✐♥❣ ✇✐t❤ ✶✵ ♠▲ ✶✵ ♠♠ ❍❆❝ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✐♥❝✉❜❛t❡❞ ✐♥ ❢❡t❛❧ ❜♦✈✐♥❡
s❡r✉♠ ✭❋❇❙✮✲❢r❡❡ ❉✉❧❜❡❝❝♦✬s ♠♦❞✐✜❡❞ ❊❛❣❧❡✬s ♠❡❞✐✉♠ ✭❉▼❊▼✮ ❛♥❞ st♦r❡❞ ✉♥❞❡r
st❡r✐❧❡ ❝♦♥❞✐t✐♦♥s ❢♦r ❢✉rt❤❡r ✉s❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ❝♦❧❧❛❣❡♥ ❝♦♥t❡♥t ✇❛s ❞❡t❡r♠✐♥❡❞ ❜②
❤②❞r♦①②♣r♦❧✐♥❡ ❡ss❛② ❛❝❝♦r❞✐♥❣ t♦ ❘❡❞❞② ❡t ❛❧✳ ❬✸✷✶❪✳
✻✳✹✳✷ ▲♦✇r② ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❝♦❧❧❛❣❡♥ t②♣❡ ■ ✐♥ s♦❧✉t✐♦♥
❋r♦♠ ❛ s❛♠♣❧❡ t✉❜❡✱ ✷✵✵ µ▲ s✉♣❡r♥❛t❛♥t ✇❡r❡ ❡①tr❛❝t❡❞✱ tr❛♥s❢❡rr❡❞ ✐♥t♦ ❛ ♥❡✇ t✉❜❡
❛♥❞ ✶ ♠▲ ♦❢ ❛ ✶✿✹✾ ✭✈✴✈✮ ♠✐①t✉r❡ ♦❢ ✷✪ ◆❛2❈❖3 ✐♥ ✵✳✶ ♠ ◆❛❖❍ ❛♥❞ ✵✳✺✪ ❈✉❙❖4
✐♥ ✶✪ s♦❞✐✉♠ ❝✐tr❛t❡ ✐♥ ❞✐st✐❧❧❡❞ ❍2❖ ✇❡r❡ ❛❞❞❡❞ ❛♥❞ ✈♦rt❡①❡❞✳ ❆❢t❡r ✶✺ t♦ ✷✵ ♠✐♥
✐♥❝✉❜❛t✐♦♥ ❛t rt ✶✵✵ µ▲ ❋♦❧✐♥✬s r❡❛❣❡♥t ✇❡r❡ ❛❞❞❡❞✱ ✈♦rt❡①❡❞ ❛❣❛✐♥ ❛♥❞ ❛♥♦t❤❡r ✽✵
♠✐♥ ✐♥❝✉❜❛t❡❞ ❛t rt ✐♥ t❤❡ ❞❛r❦✳ ✷✵✵ µ▲ ✇❡r❡ ♣❧❛❝❡❞ ✐♥ ❛ ✾✵✲✇❡❧❧✲♣❧❛t❡ ❛♥❞ t❤❡
❛❜s♦r♣t✐♦♥ ♠❡❛s✉r❡❞ ❛t ✼✵✵ ♥♠✳ ❚❤❡ ❛♠♦✉♥ts ♦❢ ❢r❡❡ ❝♦❧❧❛❣❡♥ ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞
✉s✐♥❣ ❛♥ ❡①t❡r♥❛❧ ❝❛❧✐❜r❛t✐♦♥ ✭✵✱ ✶✺✳✻✸✱ ✸✶✳✷✺✱ ✻✷✳✺✱ ✶✷✺✱ ✷✺✵✱ ✺✵✵ µ❣✴♠▲✮✳
✻✳✹✳✸ ●❡♥❡r❛❧ ♣r♦❝❡❞✉r❡
❆❢t❡r ♠✐❝r♦❜❡❛❞ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ❝♦❧❧❛❣❡♥ ❝♦❛t✐♥❣ ❡❛❝❤ s❛♠♣❧❡ ✇❛s ✐♥♦❝✉❧❛t❡❞ ✇✐t❤
✺✵✵✱✵✵✵ ❤▼❙❈s ✭P✻✮ ❢♦r ❡❛❝❤ ✺✵✵ ♠❣ ♠✐❝r♦❜❡❛❞ ❜❛t❝❤ ❛♥❞ ♣❧❛❝❡❞ ❛❥❛r ✐♥ t❤❡
✐♥❝✉❜❛t♦r✳ ❉✉r✐♥❣ t❤❡ ✜rst ✹ ❤ ♣♦st✲✐♥♦❝✉❧❛t✐♦♥ ❛♥ ✐♥t❡r♠✐tt❡♥t s❤❛❦✐♥❣ ✇❛s ❛♣♣❧✐❡❞
❜② ♠❛♥✉❛❧ s❤❛❦✐♥❣ ❢♦r s♦♠❡ s❡❝♦♥❞s ❢♦❧❧♦✇❡❞ ❜② ✸✵ ♠✐♥ ✇✐t❤♦✉t s❤❛❦✐♥❣ ❛❝❝♦r❞✐♥❣
t♦ ❛ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞ ❜② ❨✉❛♥ ❡t ❛❧✳ ❬✶✻❪✳ ❆❢t❡r✇❛r❞s✱ ✷✵ ♠▲ t❡♠♣❡r❡❞ ❢✉❧❧
♠❡❞✐✉♠ ✭❉▼❊▼ ✰ ✵✳✷ ♠♠ ▲✲❣❧✉t❛♠✐♥❡ ✰ ✶✪ ♣❡♥✐❝✐❧❧✐♥✴str❡♣t♦♠②❝✐♥ ✭P■❙✮ ✰ ✶✵✪
❋❇❙✮ ✇❛s ❛❞❞❡❞ ❛♥❞ s❛♠♣❧❡s ✇❡r❡ ❝✉❧t✉r❡❞ ❢♦r ✼ ❞❛②s ✇✐t❤♦✉t ❢✉rt❤❡r s❤❛❦✐♥❣ ❜✉t
❝❛r❡❢✉❧ ♠❡❞✐✉♠ ❡①❝❤❛♥❣❡ ❛❢t❡r t❤❡ ❢♦✉rt❤ ❞❛②✳ ❈❡❧❧ ❛tt❛❝❤♠❡♥t ✇❛s ✐♥✈❡st✐❣❛t❡❞ ❜②
❜r✐❣❤t ✜❡❧❞ ❛♥❞ ✢✉♦r❡s❝❡♥❝❡ ♠✐❝r♦s❝♦♣② ✇✐t❤ ❛ ❆①✐♦ ❖❜s❡r✈❡r✳❩✶♠✱ ❡q✉✐♣♣❡❞ ✇✐t❤
❛♥ ❆①✐♦❈❛♠ ▼❘♠ ♣✉r❝❤❛s❡❞ ❢r♦♠ ❈❛r❧ ❩❡✐ss ▼✐❝r♦s❝♦♣② ●♠❜❍ ✭❏❡♥❛✱ ●❡r♠❛♥②✮
❛♥❞ q✉❛♥t✐✜❡❞ ✈✐❛ ▲❉❍✳
✻✳✹✳✹ ❈❡❧❧ st❛✐♥✐♥❣
❈✉❧t✉r❡❞ ❝❡❧❧s ♦♥ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ ✇❛r♠ P❇❙✱ ✜①❡❞ ✇✐t❤ ✸✳✼✪
❢♦r♠❛❧❞❡❤②❞❡ ✭P❇❙✮ ❢♦r ✷✺ ♠✐♥ ❛t ✹ ◦❈ ❛♥❞ ✇❛s❤❡❞ ❛❣❛✐♥ ✇✐t❤ ❝♦❧❞ P❇❙✳ ❈❡❧❧s ✇❡r❡
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✶✷
♣❡r♠❡❛❜✐❧✐③❡❞ ✐♥ ✵✳✶✪ ❚r✐t♦♥✲❳ ❛♥❞ s❧✐❣❤t❧② s❤❛❦❡♥ ❢♦r ✸ ♠✐♥✱ ✇❛s❤❡❞ t❤r✐❝❡ ✇✐t❤
P❇❙ ❛♥❞ ✐♥❝✉❜❛t❡❞ ✇✐t❤ ✶✪ ✭✈✴✈✮ ❇❙❆ ✐♥ P❇❙ ❢♦r ✸✵ ♠✐♥ t♦ ❛✈♦✐❞ ✉♥s♣❡❝✐✜❝
❜✐♥❞✐♥❣✳ ❆❢t❡r✇❛r❞s✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✐♥❝✉❜❛t❡❞ ✇✐t❤ ❛♥ ❛♥t✐❜♦❞② ♠✐①t✉r❡ ♦❢ ✻ µ♠
♣❤❛❧❧♦✐❞✐♥ ✭❆❧❡①❛ ✹✽✽✮ ❛♥❞ ✶ µ❣✴♠▲ ❉❆P■ ✐♥ ✶✪ ✭✈✴✈✮ ❇❙❆✴P❇❙ ❛♥❞ s❧✐❣❤t❧②
s❤❛❦❡♥ ✐♥ t❤❡ ❞❛r❦ ❢♦r ✸✵ ✲ ✻✵ ♠✐♥✳ ❋✐♥❛❧❧②✱ ♠✐❝r♦❜❡❛❞s ✇❡r❡ ✇❛s❤❡❞ t❤r✐❝❡ ✇✐t❤ ✶✪
✭✈✴✈✮ ❇❙❆✴P❇❙✳ ❉❆P■ st❛✐♥✐♥❣ ♦❢ ❙P▼❆ ❝♦♥t❛✐♥✐♥❣ ♠✐❝r♦❜❡❛❞s ✇❛s ♥♦t ♣♦ss✐❜❧❡
❜❡❝❛✉s❡ ♦❢ ❤✐❣❤ ❉❆P■ ✉♣t❛❦❡ ♦❢ t❤❡ ♥❡❣❛t✐✈❡❧② ❝❤❛r❣❡❞ ❜❡❛❞s✳
✻✳✹✳✺ ▲❛❝t❛t❡ ❞❡❤②❞r♦❣❡♥❛s❡ ❡ss❛②
❆❢t❡r ✐♥❝✉❜❛t✐♦♥✱ ♠❡❞✐✉♠ ✇❛s ❛s♣✐r❛t❡❞ ❛♥❞ ♠✐❝r♦❜❡❛❞s ✇❛s❤❡❞ ✇✐t❤ ✇❛r♠ P❇❙
t❤r♦✉❣❤ ❛ ✼✵ µ♠ s✐❡✈❡ t♦ s❡♣❛r❛t❡ ♥♦t ❛❞❤❡r❡❞ ❝❡❧❧s ❢r♦♠ t❤❡ ♠✐❝r♦❜❡❛❞s✳ ▼✐❝r♦❜❡❛❞s
✇❡r❡ q✉❛♥t✐t❛t✐✈❡❧② tr❛♥s❢❡rr❡❞ ✐♥t♦ ❛ ✼✵ µ♠ ♠❡s❤ str❛✐♥❡r ✐♥ ❛ ✻✲✇❡❧❧✲♣❧❛t❡✱ ❝♦✈❡r❡❞
✇✐t❤ ✺ ♠▲ t❡♠♣❡r❡❞ tr②♣s✐♥ ❛♥❞ ✐♥❝✉❜❛t❡❞ ❛t ✸✼ ◦❈ ❢♦r ✶✺ ♠✐♥✳ ■♠♠❡❞✐❛t❡❧② ❛❢t❡r
✐♥❝✉❜❛t✐♦♥✱ ✺ ♠▲ ❢✉❧❧✲❉▼❊▼ ✭✸✼ ◦❈✮ ✇❡r❡ ❛❞❞❡❞✱ s✐❡✈❡s ✇❡r❡ s❧✐❣❤t❧② s❤❛❦❡♥ ❛♥❞
tr❛♥s❢❡rr❡❞ ♦♥ ❛ ✺✵ ♠▲ ❋❆▲❈❖◆ t✉❜❡✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❧✐q✉✐❞ ✐♥ t❤❡ ♣❧❛t❡ ✇❛s ✉s❡❞
t♦ ✇❛s❤ t❤❡ ❜❡❛❞s ❛♥❞ t♦ tr❛♥s❢❡r ❞❡t❛❝❤❡❞ ❝❡❧❧s ✐♥ t❤❡ t✉❜❡✳ ❆♥♦t❤❡r ✺ ♠▲ ❢✉❧❧✲
❉▼❊▼ ✭✸✼ ◦❈✮ ✇❛s ✉s❡❞ t♦ ✇❛s❤ t❤❡ ✻✲✇❡❧❧✲♣❧❛t❡ ❛♥❞ t♦ q✉❛♥t✐t❛t✐✈❡❧② tr❛♥s❢❡r ❛❧❧
❝❡❧❧s ✐♥t♦ t❤❡ t✉❜❡✳ ❚❤❡ ♠❡s❤ str❛✐♥❡r ✇✐t❤ t❤❡ ♠✐❝r♦❜❡❛❞s ✇❛s ❞r✐❡❞✱ ✇❡✐❣❤t❡❞ ❛♥❞
✇❛s❤❡❞ ❛❣❛✐♥ t♦ r❡♠♦✈❡ t❤❡ ♠✐❝r♦❜❡❛❞s✳ ❚❤❡ str❛✐♥❡r ✇❛s ❞r✐❡❞ ❛♥❞ ✇❡✐❣❤t❡❞ ❛❣❛✐♥
t♦ ②✐❡❧❞ t❤❡ ❡①❛❝t ♠❛ss ♦❢ ♠✐❝r♦❜❡❛❞s ✉s❡❞ ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ t✉❜❡ ✇✐t❤ t❤❡
❝❡❧❧s ✇❛s ❝❡♥tr✐❢✉❣❡❞ ❢♦r ✺ ♠✐♥ ❛t ✵✳✹ ❣✱ t❤❡ ♠❡❞✐✉♠ ✇❛s ❛s♣✐r❛t❡❞ ❛♥❞ ✷ ♠▲ ✇❛r♠
P❇❙ ✇❡r❡ ❛❞❞❡❞✳ ❚❤❡ s❛♠♣❧❡ ✇❛s ❛❣❛✐♥ ❝❡♥tr✐❢✉❣❡❞✱ t❤❡ P❇❙ ✇❛s ❛s♣✐r❛t❡❞ ❛♥❞ t❤❡
t✉❜❡ ✇❛s st♦r❡❞ ❛t ✲✽✵ ◦❈ ❢♦r ❛t ❧❡❛st ✶ ❞❛② ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ ▲❉❍ ❡ss❛② ✭❚❛❑❛❘❛
▲❉❍ ❈②t♦t♦①✐❝✐t② ❉❡t❡❝t✐♦♥ ❑✐t✱ ▼♦❇✐❚❡❝✱ ●♦❡tt✐♥❣❡♥✱ ●❡r♠❛♥②✮✳ ❋♦r t❤❡ ❡ss❛②✱ t❤❡
t✉❜❡ ✇✐t❤ ❝❡❧❧s ✇❛s ♣❧❛❝❡❞ ♦♥ ✐❝❡ ❢♦r ✶✺ ♠✐♥✉t❡s ❛♥❞ s✉❜s❡q✉❡♥t❧② ✐♥❝✉❜❛t❡❞ ✇✐t❤ ❧②s✐s
❜✉✛❡r ✭✶✪ ❚r✐t♦♥✲❳ ✐♥ P❇❙✮ ❢♦r ✺✵ ♠✐♥✉t❡s ♦♥ ✐❝❡✳ ❚❤❡♥✱ ✺✵ µ▲ ❧②s❛t❡ ✇❡r❡ ♣❧❛❝❡❞
✐♥ ❛ ✾✵✲✇❡❧❧✲♣❧❛t❡ ❛♥❞ ✺✵ µ▲ ♦❢ ❛ ✶✿✹✺ ✭✈✴✈✮ ♠✐①t✉r❡ ♦❢ ❝❛t❛❧②st ✭❞✐❛♣❤♦r❛s❡✴◆❆❉✰✮
❛♥❞ ▲❉❍✲❞②❡ ✇❡r❡ ❛❞❞❡❞✳ ❚❤❡ ✇❡❧❧✲♣❧❛t❡ ✇❛s ✐♥❝✉❜❛t❡❞ ❢♦r ✺ ✲ ✶✵ ♠✐♥✉t❡s ✐♥ t❤❡ ❞❛r❦
✉♥t✐❧ ❛ ❞✐st✐♥❝t st❛✐♥✐♥❣ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✳ ❚❤❡ r❡❛❝t✐♦♥ ✇❛s st♦♣♣❡❞ ❜② ❛❞❞✐♥❣ ✺✵ µ▲
♦❢ ✵✳✺ ♠ ❍❈❧✳ ❚❤❡ ❛❜s♦r♣t✐♦♥ ✇❛s ♠❡❛s✉r❡❞ ❛t ✹✾✷ ♥♠ ✇✐t❤ ❛ ❚❊❈❆◆ ♣❧❛t❡ r❡❛❞❡r✳
❋♦r ❝❛❧✐❜r❛t✐♦♥✱ ♣r❡❝✐s❡ ❝❡❧❧ ♥✉♠❜❡rs ✭✶✱✵✵✵ t♦ ✺✵✵✱✵✵✵✮ ✇❡r❡ s❡❡❞❡❞ ✐♥ ❛ ✶✷✲✇❡❧❧✲♣❧❛t❡
❛♥❞ ✐♥❝✉❜❛t❡❞ ❛t ✸✼ ◦❈ ❢♦r ✹ ❤♦✉rs ✉♥t✐❧ ❝♦♠♣❧❡t❡ ❛❞❤❡s✐♦♥✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♠❡❞✐✉♠
✇❛s ❛s♣✐r❛t❡❞✱ t❤❡ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❛♥❞ ❢r❡❡③❡❞ ❛t ✲✽✵ ◦❈✳ ▲❉❍ ❡ss❛②
✇❛s ❝❛rr✐❡❞ ♦✉t s✐♠✐❧❛r t♦ t❤❡ ♠✐❝r♦❜❡❛❞ s❛♠♣❧❡s✳ ❆❧❧ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞
t❤r✐❝❡ t♦ ❣✐✈❡ ❤✐❣❤ r❡♣r♦❞✉❝✐❜✐❧✐t②✳
❈❍❆P❚❊❘ ✻✳ ❊❳P❊❘■▼❊◆❚❆▲ ✶✶✸
✻✳✹✳✻ ❈♦♥t✐♥✉♦✉s ❝❡❧❧ ❝✉❧t✉r❡
❆ ❝♦♥t✐♥✉♦✉s ❝❡❧❧ ❝✉❧t✉r❡ ✇❛s r❡❛❧✐③❡❞ ❜② ♠✐①✐♥❣ ❤▼❙❈✲s❡❡❞❡❞ ♠✐❝r♦❜❡❛❞s ✇✐t❤
st❡r✐❧✐③❡❞✱ ❡q✉✐❧✐❜r❛t❡❞ ❜✉t ✉♥❝♦✈❡r❡❞ ♠✐❝r♦❜❡❛❞s ✐♥ ❛ r❛t✐♦ ♦❢ ✶✿✶✵ ❛♥❞ ❢✉rt❤❡r
❝✉❧t✐✈❛t✐♦♥ ❛t ✸✼ ◦❈✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s ✐♥❝✉❜❛t❡❞ ❢♦r ✷✶ ❞❛②s ❛♥❞ ❛❢t❡r ❡✈❡r② ✼ ❞❛②s
s❛♠♣❧❡s ✇❡r❡ t❛❦❡♥ ❛♥❞ ❛♥❛❧②③❡❞ ✇✐t❤ ✢✉♦r❡s❝❡♥❝❡ ♠✐❝r♦s❝♦♣② t♦ ❢♦❧❧♦✇ ❝❡❧❧
♠✐❣r❛t✐♦♥ ❛♥❞ ♣r♦❧✐❢❡r❛t✐♦♥✳
✻✳✹✳✼ ▼✐❝r♦❜❡❛❞ ❞❡❣r❛❞❛t✐♦♥
❯♥❞❡r ❛ ♥✐tr♦❣❡♥ ❛t♠♦s♣❤❡r❡ ❛ s✉s♣❡♥s✐♦♥ ♦❢ ✺✵ ♠▲ ❞❡❣❛ss❡❞ ▼✐❧❧✐✲◗ ✇❛t❡r ✇✐t❤ ✷✳✽
µ♠ ●❙❍ ❛♥❞ ✶ ❣ ❞❡❣r❛❞❛❜❧❡ ♠✐❝r♦❜❡❛❞s ✇❛s s❧✐❣❤t❧② st✐rr❡❞ ❛t ✸✼ ◦❈ ❛♥❞ s❛♠♣❧❡s
✇❡r❡ t❛❦❡♥ ❛❢t❡r ✐♥❞✐❝❛t❡❞ t✐♠❡ ✐♥t❡r✈❛❧s ❛♥❞ ✐♥✈❡st✐❣❛t❡❞ ❜② ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣②✳ ❚❤❡
❝❤❛♥❣❡ ♦❢ t❤❡ ♠✐❝r♦❜❡❛❞ ❡❧❛st✐❝✐t② ✉♣♦♥ ❞❡❣r❛❞❛t✐♦♥ ✇❛s ❡①❛♠✐♥❡❞ ✐♥ s✐t✉ ❜② ❈P❙ ♦♥
✐♥❞✐✈✐❞✉❛❧ ♠✐❝r♦❜❡❛❞s✳ ❯♥❞❡r ❛r❣♦♥ ❛t♠♦s♣❤❡r❡ ❛ ❞❡❣❛ss❡❞ ❞✐s♣❡rs✐♦♥ ♦❢ ❞❡❣r❛❞❛❜❧❡
♠✐❝r♦❜❡❛❞s ✐♥ ✶✵ ♠♠ ●❙❍ ✇❛s ♣❧❛❝❡❞ ✐♥ ❛♥ ❆❋▼ ❧✐q✉✐❞ ❝❡❧❧✳ ❆ s✐♥❣❧❡ ♠✐❝r♦❜❡❛❞
✇❛s s❡❧❡❝t❡❞ ❛♥❞ t❤❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s ❞❡t❡r♠✐♥❡❞ ❛t ✐♥❞✐❝❛t❡❞ t✐♠❡ ✐♥t❡r✈❛❧s ❜②
❈P❙ ✉s✐♥❣ ❛ t✐♣ ❛♥❞ s❡t✲✉♣ ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳ ❈P❙ ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ s❡✈❡r❛❧ ❜❡❛❞s
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❆❝❦♥♦✇❧❡❞❣♠❡♥t
❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② ❛ s❡❡❞ ❣r❛♥t ♦❢ t❤❡ ❉❡✉ts❝❤❡ ❋♦rs❝❤✉♥❣s❣❡♠❡✐♥s❝❤❛❢t
✭❋❩✶✶✶✮ ❛♥❞ ❢r♦♠ t❤❡ ❈❧✉st❡r ♦❢ ❊①❝❡❧❧❡♥❝❡ ✧❈❡♥t❡r ❢♦r ❘❡❣❡♥❡r❛t✐✈❡ ❚❤❡r❛♣✐❡s
❉r❡s❞❡♥✧ ✭❈❘❚❉✮✱ ❛❞❞✐t✐♦♥❛❧❧② s✉♣♣♦rt❡❞ ❜② t❤❡ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡s ♦❢ ❍❡❛❧t❤
t❤r♦✉❣❤ t❤❡ ◆❛t✐♦♥❛❧ ❈❛♥❝❡r ■♥st✐t✉t❡ ❆❧❧✐❛♥❝❡ ❢♦r ◆❛♥♦t❡❝❤♥♦❧♦❣② ✐♥ ❈❛♥❝❡r ✭❯❖✶
❈❆✶✺✶✽✵✻✮ ❛♥❞ ❜② ❢✉♥❞✐♥❣ ♦❢ t❤❡ ❊①❝❡❧❧❡♥❝❡ ■♥✐t✐❛t✐✈❡ ❜② t❤❡ ●❡r♠❛♥ ❋❡❞❡r❛❧ ❛♥❞
❙t❛t❡ ●♦✈❡r♥♠❡♥ts✳
❋✐rst ♦❢ ❛❧❧ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ Pr♦❢✳ ❉r✳ ❘❛✐♥❡r ❏♦r❞❛♥ ✇❤♦ ♦✛❡r❡❞ ♠❡ t❤✐s
❢❛s❝✐♥❛t✐♥❣✱ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r② r❡s❡❛r❝❤ t♦♣✐❝✱ ❡✈❡♥ t❤♦✉❣❤ ❦♥♦✇✐♥❣ ♠② ♣♦♦r
❡①♣❡r✐❡♥❝❡ ✐♥ ♣♦❧②♠❡r s❝✐❡♥❝❡✱ ❛♥❞ ❤✐s ❣r❡❛t s✉♣♣♦rt ♦✈❡r t❤❡ ❧❛st ②❡❛rs✳ ❍❡
❡♥❝♦✉r❛❣❡❞ ✐♥❞❡♣❡♥❞❡♥❝❡ ❛♥❞ s❡❧❢✲r❡s♣♦♥s✐❜✐❧✐t② ✐♥ ❡✈❡r② r❡s♣❡❝t ❜✉t ♥❡✈❡r ❣♦t t✐r❡❞
t♦ ❛♥s✇❡r ♠② q✉❡st✐♦♥s✳ ■ ❛❧✇❛②s ❛♣♣r❡❝✐❛t❡❞ ❤✐s ♦♣✐♥✐♦♥s ❛♥❞ s✉❣❣❡st✐♦♥s ✇❤✐❝❤
♦❢t❡♥ ❣✉✐❞❡❞ ♠❡ t❤❡ r✐❣❤t ✇❛②✳
▼❛♥② t❤❛♥❦s ❛❧s♦ t♦ ❉r✳ ❙♦♣❤✐❡ P❛✉t♦t ❛♥❞ ❤❡r t❡❛♠ ❛t t❤❡ ❈❘❚❉ ✭❙t❡✛❡♥ ❱♦❣❧❡r✱
❊✈❡❧✐❡♥ ▼❛t❤✐❡✉✱ ▼✐t❥❛ P❧❛t❡♥✮ ✇❤♦ ♠❛❞❡ t❤✐s ♣r♦❥❡❝t ♣♦ss✐❜❧❡✳ ❚❤❛♥❦s ❢♦r ♠❛♥②
✐♥s♣✐r❛t✐♦♥s✱ ❢r✉✐t❢✉❧ ❞✐s❝✉ss✐♦♥s ❛♥❞ ♥♦t ❧❡❛st ♣❧❡♥t② ♦❢ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s
❝♦❧❧❛❜♦r❛t✐♦♥ t❛✉❣❤t ♠❡ ❛ ❧♦t ❤♦✇ t♦ ❞✐s❝✉ss ✐♥t❡r❞✐s❝✐♣❧✐♥❛r② r❡s❡❛r❝❤✳
❙✐♠✐❧❛r❧②✱ ■ ✇❛♥t t♦ t❤❛♥❦ Pr♦❢✳ ❉r✳ ❉✐❡t❡r ❙❝❤❛r♥✇❡❜❡r ❛♥❞ ❤✐s ❣r♦✉♣ ❛t t❤❡
▼❛①✲❇❡r❣♠❛♥♥✲❈❡♥t❡r ♦❢ ❇✐♦♠❛t❡r✐❛❧s ❉r❡s❞❡♥ ✭▼❇❈✮ ✭❉r✳ ❱❡r❛ ❍✐♥t③❡✱ ❆❧✐♥❛
❑❛t③s❝❤♥❡r✮ ✇✐t❤ ❡♠♣❤❛s✐③❡ t♦ ❍❡✐❦❡ ❩✐♠♠❡r♠❛♥♥ ❛♥❞ ❤❡r ♦✉tst❛♥❞✐♥❣ ❤❡❧♣❢✉❧♥❡ss
❛♥❞ ❡✛♦rts t♦ s❤♦✇ ♠❡ ❛❧❧ t❤❡ s❡❝r❡ts ♦❢ ❤♦✇ t♦ ❤❛♥❞❧❡ ❝❡❧❧s✳ ■t ✇❛s ❛❧✇❛②s ❛
♣❧❡❛s✉r❡ t♦ ✇♦r❦ ✉♥❞❡r ❤❡r ❣✉✐❞❛♥❝❡ ❛♥❞ ❣❛✈❡ ♠❡ t❤❡ ❢❡❡❧✐♥❣ ♥♦t❤✐♥❣ ❝❛♥ ❣♦ ✇r♦♥❣✳
■ ❛❧s♦ ✇❛♥t t♦ t❤❛♥❦ ❛❧❧ ♠② ❝♦❧❧❛❜♦r❛t♦rs ✇❤♦ ♠❛❞❡ ✐t ♣♦ss✐❜❧❡ t♦ st✉❞② t❤❡
♣♦❧②♠❡rs ✐♥ ❡✈❡♥ ♠♦r❡ ❞❡t❛✐❧ ❛♥❞ ❢r♦♠ ❛ ❞✐✛❡r❡♥t ♣❡rs♣❡❝t✐✈❡✱ ♥❛♠❡❧② Pr♦❢✳ ❉r✳
❈❛rst❡♥ ❲❡r♥❡r✱ ❉r✳ ❯✇❡ ❋r❡✉❞❡♥❜❡r❣ ❛♥❞ ❉♦♠✐♥✐❦ ❍❛❤♥ ❛t t❤❡ ▼❇❈✱ Pr♦❢✳ ❉r✳
❏♦❝❤❡♥ ●✉❝❦ ❛♥❞ ❉r✳ ❖❧✐✈❡r ❖tt♦ ❛t t❤❡ ❇■❖❚❊❈ ❉r❡s❞❡♥✱ ❛♥❞ Pr♦❢✳ ❉r✳ ❨✐①✐♥
❩❛♥❣ ❛♥❞ ❉r✳ ❘♦❜❡rt ❲✐❡❞✉✇✐❧❞ ❛t t❤❡ ❇ ❈❯❇❊ ❉r❡s❞❡♥✳
❙♣❡❝✐❛❧ t❤❛♥❦s ❣♦❡s t♦ Pr♦❢✳ ❉r✳ ❘♦❜❡rt ✧▲✉①✐✧ ▲✉①❡♥❤♦❢❡r✱ ❢♦r♠❡r P♦st❉♦❝ ❛♥❞
✶✸✼
▲✐st ♦❢ ❚❛❜❧❡s ✶✸✽
❝♦❧❧❡❛❣✉❡ ✐♥ ❉r❡s❞❡♥✱ ❢♦r t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ✐♥t♦ ❞❛✐❧② ✇♦r❦ ✇✐t❤ ♣♦❧②✭✷✲♦①❛③♦❧✐♥❡✮✱
❡♥❞❧❡ss ❞✐s❝✉ss✐♦♥s ❛♥❞ ❡①♣❧❛♥❛t✐♦♥s ❛s ✇❡❧❧ ❛s ♣r♦✈✐❞✐♥❣ ♠❡ ✐♥s✐❣❤t ✇❤❛t ✐t ♠❡❛♥s
t♦ ❜❡ ❛♥ ✉♣r✐❣❤t r❡s❡❛r❝❤❡r✳ ❋✉rt❤❡r♠♦r❡✱ ■ ❛♠ ✈❡r② ❣r❛t❡❢✉❧ t❤❛t ❘❡♥é ❙❝❤✉❜❡❧ ✇❛s
♠② ✜rst ♠❛st❡r st✉❞❡♥t ❛s ❤❡ ❞✐❞ s✉❝❤ ❛ ❣r❡❛t ❛♥❞ ✐♠♣♦rt❛♥t ✇♦r❦ ❢♦r ♠❡ ✇❤✐❧❡
s✉✛❡r✐♥❣ ♠② ❛❜str❛❝t✐♦♥ ❛♥❞ ❛✐♠❧❡ss♥❡ss ✿P✳ ■ ❛❧s♦ t❤❛♥❦ ❛❧❧ ♠② ♦t❤❡r ♠❛st❡r✱
❜❛❝❤❡❧♦r ❛♥❞ ▼❘❈ st✉❞❡♥ts ❢♦r t❤❡✐r ✇♦r❦ ❛♥❞ ♣❛t✐❡♥❝❡✳ ■ ❧❡❛r♥❡❞ ❛ ❧♦t ❢r♦♠ ②♦✉
❛♥❞ ■ ❤♦♣❡ ②♦✉ ❧❡❛r♥❡❞ s♦♠❡t❤✐♥❣ ❢r♦♠ ♠❡ ❛s ✇❡❧❧✳ ❍❡r❡✱ ❑♦♥st❛♥t✐♥ ✐s ❤♦♥♦r❛❜❧②
♠❡♥t✐♦♥❡❞ ❛s ❤❡ ❜❡❝❛♠❡ ❛ ❢r✐❡♥❞ t♦ ♠❡✳
▼❛♥② t❤❛♥❦s ❛❧s♦ t♦ ♠② ♦t❤❡r ❝♦❧❧❡❛❣✉❡s ♦❢ ♦✉r ❣r♦✉♣✳ ❨♦✉ ♠❛❞❡ ✐t ❛ ❣r❡❛t ❢✉♥
❣♦✐♥❣ t♦ ✇♦r❦ ♥❡✈❡r ❦♥♦✇✐♥❣ ✇❤❛t ❤❛♣♣❡♥s ♥❡①t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦
t❤❛♥❦ ▼❛tt❤✐❛s ❢♦r ❦❡❡♣✐♥❣ t❤✐♥❣s t✐❝❦✐♥❣ ♦✈❡r ❛♥❞ s♣r❡❛❞✐♥❣ ❛ s❡♥s❡ ♦❢ s❛❢❡t②✳
❙❛♠❡ t❤❛♥❦s ❣♦ t♦ ❯t❡ ❙❝❤✉❧③❡ ❢♦r ❤❡r ❛ss✐st❛♥❝❡ ✐♥ ❛♥② ❛❞♠✐♥✐str❛t✐♦♥❛❧ ♠❛tt❡r✳ ■
❛❧s♦ t❤❛♥❦ ❆♥✐t❛✱ ❖❧❛✱ ❆r❧❡tt✱ ❈♦r✐♥♥❛✱ ■❤s❛♥ ❛♥❞ ▼❛①✐ ❛s t❤❡ ❝♦❧❧❡❛❣✉❡s ♦❢ t❤❡ ✜rst
❤♦✉r✳ ❋r♦♠ t❤❡ ✜rst s❡❝♦♥❞ ■ ❢❡❧t ❧✐❦❡ ❛ ❢✉❧❧ ♠❡♠❜❡r ♦❢ t❤❡ ❣r♦✉♣ ❛♥❞ ✇❡ s❤❛r❡❞
♠❛♥② ♠♦♠❡♥ts ♦❢ ❥♦② ❛♥❞ ❢r✉str❛t✐♦♥✱ ✇❤✐❝❤ ❛❧✇❛②s ❡♥❞❡❞ ✉♣ ✇✐t❤ ❜❡❡r ✿❉✳ ◆♦ ❧❡ss
t❤❛♥❦s ❣♦ t♦ t❤❡ ✧♥❡✇✧ ❣❡♥❡r❛t✐♦♥ ❝♦❧❧❡❛❣✉❡s ✇❤♦ ♠❛❞❡ t❤✐s ②❡❛rs s✉❝❤ ❛ t❡rr✐✜❝
t✐♠❡✳ ❘♦♦♠✲♠❛t❡s ❛r❡ ❛❧✇❛②s s♣❡❝✐❛❧✦ ❍❡♥❝❡✱ s♣❡❝✐❛❧ t❤❛♥❦s t♦ ❏♦♥❛s✱ ❏❛♥♥✐❝❦✱
❘❡♥é ❛♥❞ ❇r✉❞✐ ❉r✳ ❘♦♥♥②✱ ❧❛tt❡r ✇❤♦ tr❡♠❡♥❞♦✉s❧② ✐♠♣r♦✈❡❞ ♠② ❜✐❧❧✐❛r❞ s❦✐❧❧s ✿✮
❛♥❞ ♣✉s❤❡❞ ♠❡ t❤❡ ❧❛st ♠❡t❡rs ♦❢ ♠② ✇♦r❦✳
■♥ t❤❡ ❡♥❞ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ♠② ❢❛♠✐❧② ❛♥❞ ❛❧❧ ❢r✐❡♥❞s ❢♦r t❤❡✐r ❡✈❡r❧❛st✐♥❣✱
✐♠♠❡❛s✉r❛❜❧❡ s✉♣♣♦rt ❞✉r✐♥❣ ♠② ✇❤♦❧❡ t✐♠❡ s✐♥❝❡ ■ ❛♠ ✐♥ ❉r❡s❞❡♥✳ ■ ❧♦✈❡ ②♦✉ ❛❧❧✦✦✦
■t ❤❛s ❜❡❡♥ t❤❡ ♠♦st ❢❛❜✉❧♦✉s t✐♠❡ ♦❢ ♠② ❧✐❢❡ ❛♥❞ ✐t ✐s ❣❡tt✐♥❣ ❡✈❡♥ ❜❡tt❡r ❡✈❡r② ❞❛②✳
■♠♠❡❛s✉r❛❜❧❡ t❤❛♥❦s ❣♦ t♦ ♠② ❧♦✈❡❧② ✧❑♦❦❦✉✧✲❣❛♥❣ ❢♦r ❣✐✈✐♥❣ ♠❡ s❤❡❧t❡r ❛♥❞ ✉r❣❡❞
♠❡ t♦ ✜♥✐s❤ t❤✐s ✇♦r❦✳ ■♠♠❡❛s✉r❛❜❧❡ ❣r❛t✐t✉❞❡ ❢♦r ❚❤♦♠❛s ♥♦t ♦♥❧② ❢♦r t❤❡ ✈✐❣✐❧❛♥t
❝♦rr❡❝t✐♦♥ ❜✉t ❛❧s♦ ❢♦r t❤❡ t✐♠❡ t♦❣❡t❤❡r ❛♥❞ ❡♥t✐❝✐♥❣ ♠❡ ✐♥t♦ t❤❡ ✧◆❡✉st❛❞t✧✲❧✐❢❡✳
▲❛st ❜✉t ♥♦t ❧❡❛st✱ ■ ✇❛♥t t♦ t❤❛♥❦ ❈❤r✐ss✐✱ ✇✐t❤♦✉t ❤✐♠ ■ ✇♦✉❧❞ st✐❧❧ ❜❡ ❧♦st ✐♥ t❤❡
st❛t✐st✐❝s✱ ❣r❡❛t ❜✐❣ ❤✉❣✱ ❇r✉❞✐✳
❚❍❆◆❑ ❨❖❯✦
❉❡❝❧❛r❛t✐♦♥
❉✐❡ ✈♦r❧✐❡❣❡♥❞❡ ❆r❜❡✐t ✇✉r❞❡ ✉♥t❡r ❞❡r ✇✐ss❡♥s❝❤❛❢t❧✐❝❤❡♥ ❇❡tr❡✉✉♥❣ ✈♦♥ Pr♦❢✳ ❉r✳
r❡r✳ ♥❛t✳ ❤❛❜✐❧✳ ❘❛✐♥❡r ❏♦r❞❛♥ ✈♦♥ ❏✉♥✐ ✷✵✶✵ ❜✐s ❖❦t♦❜❡r ✷✵✶✺ ❛♥ ❞❡r Pr♦❢❡ss✉r ❢ür
▼❛❦r♦♠♦❧❡❦✉❧❛r❡ ❈❤❡♠✐❡ ❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✈❡rs✐tät ❉r❡s❞❡♥ ❛♥❣❡❢❡rt✐❣t✳
❍✐❡r♠✐t ✈❡rs✐❝❤❡r❡ ✐❝❤✱ ❞❛ss ✐❝❤ ❞✐❡ ✈♦r❧✐❡❣❡♥❞❡ ❆r❜❡✐t ♦❤♥❡ ✉♥③✉❧äss✐❣❡ ❍✐❧❢❡ ❉r✐tt❡r
✉♥❞ ♦❤♥❡ ❇❡♥✉t③✉♥❣ ❛♥❞❡r❡r ❛❧s ❞❡r ❛♥❣❡❣❡❜❡♥❡♥ ❍✐❧❢s♠✐tt❡❧ ❛♥❣❡❢❡rt✐❣t ❤❛❜❡❀ ❞✐❡
❛✉s ❢r❡♠❞❡♥ ◗✉❡❧❧❡♥ ❞✐r❡❦t ♦❞❡r ✐♥❞✐r❡❦t ü❜❡r♥♦♠♠❡♥❡♥ ●❡❞❛♥❦❡♥ s✐♥❞ ❛❧s s♦❧❝❤❡
❦❡♥♥t❧✐❝❤ ❣❡♠❛❝❤t✳ ❉✐❡ ❆r❜❡✐t ✇✉r❞❡ ❜✐s❤❡r ✇❡❞❡r ✐♠ ■♥❧❛♥❞ ♥♦❝❤ ✐♠ ❆✉s❧❛♥❞ ✐♥
❣❧❡✐❝❤❡r ♦❞❡r ä❤♥❧✐❝❤❡r ❋♦r♠ ❡✐♥❡r ❛♥❞❡r❡♥ Prü❢✉♥❣s❜❡❤ör❞❡ ✈♦r❣❡❧❡❣t✳
■❝❤ ❡r❦❡♥♥❡ ❞✐❡ Pr♦♠♦t✐♦♥s♦r❞♥✉♥❣ ❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✈❡rs✐tät ❉r❡s❞❡♥✱ ❋❛❦✉❧tät
▼❛t❤❡♠❛t✐❦ ✉♥❞ ◆❛t✉r✇✐ss❡♥s❝❤❛❢t❡♥ ✈♦♠ ✷✸✳✵✷✳✷✵✶✶✱ ♠✐t ❞❡♥ ➘♥❞❡r✉♥❣❡♥ ❞✉r❝❤
❇❡s❝❤❧üss❡ ❞❡s ❋❛❦✉❧tätsr❛t❡s ✈♦♠ ✶✺✳✵✻✳✷✵✶✶ ✉♥❞ ✶✽✳✵✻✳✷✵✶✹✱ ❛♥✳
❲❡✐t❡r❤✐♥ ❡r❦❧är❡ ✐❝❤✱ ❞❛ss ❡✐♥ ❋ü❤r✉♥❣s③❡✉❣♥✐s ❣❡♠äÿ ➓✸✵ ❆❜s✳ ✺
❇✉♥❞❡s③❡♥tr❛❧r❡❣✐st❡r❣❡s❡t③✱ ❞❛s ♥✐❝❤t ä❧t❡r ❛❧s ❞r❡✐ ▼♦♥❛t❡ ✐st✱ ❜❡✐ ❞❡r ③✉stä♥❞✐❣❡♥
▼❡❧❞❡❜❡❤ör❞❡ ❜❡❛♥tr❛❣t ✇✉r❞❡✱ ✇❡❧❝❤❡s ❛♥ ❞✐❡ ❋❛❦✉❧tät ▼❛t❤❡♠❛t✐❦ ✉♥❞
◆❛t✉r✇✐ss❡♥s❝❤❛❢t❡♥ ❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✈❡rs✐tät ❉r❡s❞❡♥ ü❜❡rs❡♥❞❡t ✇✐r❞✳
❙t❡✛❡♥ ▲ü❝❦
❉r❡s❞❡♥✱ ❞❡♥ ✷✾✳✵✾✳✷✵✶✻
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